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Abstract
!

Despite the conserved functional role of centromeres within eukaryotic

organisms, no regional mammalian centromere has yet to be fully sequenced and
assembled due to the inability of sequencing technology to sequence and assemble
highly repetitive regions of the genome. The work contained within this thesis presents
the first sequenced mammalian centromere, tammar wallaby CEN1, which lacks
satellite sequences, and is instead composed of 43.54% interspersed retroelement
sequences. The small size and interspersed pattern of repeats within the centromere
made it possible to build and sequence a minimum tiling path spanning 1.62 Mb of
centromere sequence. The assembly of the CEN1 supercontig allowed for the
demonstration of the interplay between the centromeric DNA, RNA transcripts, and
CENP-A, the epigenetic mark denoting the location of the active centromere. I have
identified a functional sequence, HAL1-3_ME (a LINE1), within CEN1, which binds
CENP-A, may contain the CENP-B box, and is transcribed into small and long noncoding RNA with a subset of transcripts associating with CENP-A. The sequence
content, structure, and presence of actively transcribed genes within the 1.62Mb CEN1
supercontig shows similarities to neocentromeres, evolutionary new centromeres
(ENCs), and some plant centromeres. Tammar wallaby cytological centromere positions
are shared with the redneck wallaby whose centromeres are composed of
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large satellite arrays. Therefore, this model marsupial provides a unique view into the
field of chromosome biology and centromere evolution. The presented data provides
evidence suggesting tammar wallaby centromeres may represent centromeres in a
specific time point in their evolution where they have lost their satellite sequences, but
have not yet acquired new species specific satellite sequences. Moreover, the data
herein implicates retroelements as major contributors to centromere demarcation.
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Chapter 1 - Introduction
I. Significance
!

Centromeres are chromosomal structures necessary for proper segregation of

genomic DNA during the process of cell division. A chromosome lacking a centromere
can be lost during cell division while a chromosome with two active centromeres will
break apart (Therman et al. 1986). Chromosome loss or breakage results in a cell that
cannot function properly as it lacks its full complement of genes. Centromere
malfunctions are also implicated in a wide range of diseases from genetic disorders to
various cancers including breast cancer and pancreatic cancer (reviewed in Hall 2012).
In most diseases that contain improperly functioning centromeres, the cause of the
centromere dysfunction is unknown. For instance, a change in expression of
centromeric RNAs can be correlated to malfunctioning centromeres in specific diseases,
but whether the change in expression causes the disease or if it is a a result of the
disease is currently unknown (reviewed in Hall 2012). Thus, uncovering the full suite of
DNA sequences, RNA molecules, and proteins involved in centromere function, their
specific role, and the cascade of events that allows for normal centromere formation
and maintenance is needed before we can fully understand why there are strong
correlations between malfunctioning centromeres and specific disease states. Only after
we understand the inner workings of the centromere can we address how to fix
improperly functioning centromeres, and potentially remediate genome instability.

1

II. Overview
!

Centromeres are visualized as primary constrictions on metaphase

chromosomes and are the location of kinetochore assembly and microtubule
attachment during the process of mitosis and meiosis. Therefore, proper centromere
function is critical for accurate segregation of genetic material during the process of cell
division. Centromere function is conserved across eukaryotes, but within regional
centromeres, commonly regarded as epigenetically determined centromeres, DNA
sequences are rapidly evolving and vary greatly between species (Eichler 1999;
Henikoff 2002). The location of regional centromeres is determined epigentically by the
incorporation of a histone H3 variant known as CENP-A, previously known as CenH3 in
plant, CENP-A in mammals, or CID in drosophila (Earnshaw et al. 2013). Unlike histone
H3, which is conserved across eukaryotes, CENP-A is widely variable, especially within
its N-terminal domain (Wiens et al. 1998; Sullivan et al. 2001; Blower et al. 2002; Dawe
et al. 2006). This conservation of centromere function in contrast to the rapidly evolving
centromeric DNA and proteins has been termed the “centromere paradox” (Henikoff
2001).
!

While most centromeres contain satellite DNA, tandemly repeated short

sequences, as well as retroelements, DNA sequence that can be transcribed and then
reverse transcribed into DNA and inserted back into the genome, neither of these
classes of sequences are necessary for centromere formation. Point centromeres of
budding yeast are the only centromeres defined by a DNA sequence, CDEI, CDEII, and
CDEIII, that dictates the location of centromere formation by recruiting CENP-A (Clarke
1990; Meluh et al. 1998). Neocentromeres, first identified in humans, are centromeres
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that form at ectopic locations on the chromosome, which lack satellite sequences, to
rescue a centromere-less chromosome fragment (Alonso 2003). However, the argument
has been made that DNA sequence does play some active role in centromere formation
and function since centromeres do not typically form randomly on a chromosome; there
are neocentromere hot spots (Amor et al. 2002; Marshall et al. 2008). Retroelement
sequences have been identified within, or in close proximity to, neocentromeres (Chueh
et al. 2005). Retroelement sequences are present in many eukaryotic centromeres and,
in recent studies, have been shown to produce transcripts that interact with CENP-A
(Topp et al. 2004; Chueh et al. 2009; Ferri et al. 2009).
!

The linear DNA sequence content of most eukaryotic centromeres have not been

fully assembled due to the inability of next generation sequencing technology to
sequence and assemble highly repetitive regions of the genome (Lander et al. 2001;
Eichler 2003). Due to their small size and sequence structure, the following centromeres
have been sequenced and assembled: budding yeast, fission yeast, rice centromeres 4
and 8, and human neocentromeres (Clarke 1990; Takahashi et al. 1992; Barry et al.
1999; Nagaki et al. 2004; Wu 2004; Zhang 2004). Unfortunately, most higher order
eukaryotic centromeres are composed of tandem repeat arrays of satellite sequences
which are almost impossible to assemble accurately with current technologies (Lander
et al. 2001; Eichler 2003). With the lack of fully assembled centromeric sequences, it is
unknown whether retroelements lie within these satellite enriched centromeres as well.
Also, without a fully assembled mammalian centromeric sequence, it is difficult to
determine if there is any conserved DNA feature among plants and mammals.
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!

The overall goal of this thesis is to determine if retroelements may play a

functional role in regional centromere formation and function. For this analysis, a
scaffold of a mammalian centromere was needed in order to determine the functional
landscape of a centromere with respect to transcription and CENP-A binding. I
traversed the first mammalian centromere using the tammar wallaby as my model
species. The sequence composition and organization was determined and compared to
fully sequenced rice centromeres to identify possible conserved features. My analyses
show that tammar wallaby centromere one (hereby referred to as CEN1) is comprised
of 50% repetitive elements present in an interspersed pattern of repeats, many of which
are retroelements. Intriguingly, rice centromeres are composed of interspersed satellite
and retroelement sequences indicating a possible role for retroelement sequences in
centromere formation and function (Nagaki et al. 2004; Wu 2004; Zhang 2004).
!

Recently, active transcription at the centromere has been shown to play a critical

part in centromere function. A low transcription level has been detected at both regional
centromeres and point centromeres. An increase or decrease in centromere
transcription seems have a detrimental effect to centromere function (Hall et al. 2012).
Whether it is the act of transcription itself or the interaction between the transcripts,
DNA and/or proteins that is important has yet to be determined. Retroelements contain
their own promoter sequences and therefore can be transcribed into non-coding RNA.
Studies in maize and mouse have even suggested an interaction between retroelement
transcripts and CENP-A (Topp et al. 2004; Chueh et al. 2009; Ferri et al. 2009). In this
thesis work, I used the tammar CEN1 scaffold to map the location of CENP-A binding,
identify regions that are actively transcribed, and identify centromeric transcripts that

4

interact with CENP-A directly to further delineate functional components of the active
centromere core. I have identified specific LINE, long interspersed nuclear element, and
SINE, short interspersed nuclear element, DNA elements found within CENP-A
nucleosomes; these elements are also transcribed, and the transcripts interact with
CENP-A, providing further evidence that specific retroelement sequences are involved
in centromere formation and function.
!

The work presented in this thesis helps progress the field of centromere biology

by sequencing and assembling the first mammalian centromere and identifying possible
functional modules within the context of the genetic landscape of this region of the
genome. More comprehensive comparisons can now be performed among plant and
mammalian centromere sequences and functional modules. Moreover, functional
studies of the identified centromeric retroelements can be performed, in the future, to
identify the specific role they may play in centromere function. The rest of the
introduction provides the necessary background of all the aforementioned topics.

III. The regional centromere
!

III.A. Structure and function

!

Each chromosome must contain only one active centromere in order for the

chromosomes to separate accurately during meiosis and mitosis. Without a centromere,
chromosomes can be lost and with more than one centromere, chromosomes may
break apart if pulled in opposite directions (Therman et al. 1986). Therefore,
centromeres are critical structures that need to be maintained and passed on accurately
from a cell to its daughter cells. There are three major classes of centromeres: point
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centromeres, holocentric chromosomes, and regional centromeres. All of these
centromere classes contain a histone H3 variant, CENP-A (Cleveland et al. 2003;
Maddox et al. 2004; Monen et al. 2005). Point centromeres, exemplified in budding
yeast, are demarcated by a specific DNA sequence, CDEI, CDEII, and CDEIII, were
CDEII binds CENP-A (Clarke 1990; Meluh et al. 1998). Holocentric chromsomes,
exemplified by C. elegans, do not contain a primary constriction where the kinetochore
forms. Instead, CENP-A incorporates in multiple regions along the chromosome and the
kinetochore forms along the entire length of the chromosomes during mitosis (Maddox
et al. 2004). However, during the process of meiosis, CENP-A does not incorporate and
a kinetochore is not assembled (Monen et al. 2005). Instead the microtubules are
embedded directly into one of the chromosome ends (Monen et al. 2005). Regional
centromeres, found in most plants and animals, are visualized as a primary constriction
on the chromosome, but they do not contain a conserved DNA sequence that
demarcates its function in centromere activity. Most regional centromeres are composed
of either tandem arrays of satellite sequences or an interspersion of retroelement and
satellite sequences (Jiang et al. 2003; Dawe et al. 2006; Birchler et al. 2011). While
there is a similarity in sequence type, the sequences themselves vary greatly from
species to species. This is unusual since typically when a biological function is
conserved, the associated DNA and protein sequences are as well. In addition to DNA
sequence, centromere size varies widely amongst species, from 100bp in fission yeast
to as large as 17 megabases in mouse (Eichler 1999; Henikoff 2002). For instance,
megabase sized primate centromeres are composed of tandem arrays of an 171bp
alpha satellite monomer (Willard et al. 1987; Wevrick et al. 1989; Alexandrov et al.
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2001). Mouse centromeres are a similar size but contain tandem arrays of major and
minor satellite sequences (Wong et al. 1988; Vissel et al. 1989). Drosophila
centromeres are also composed of satellite sequences, but the satellite monomers are
much shorter in length at only 5bp (AATAT or TTCTC) and are interspersed with a
variety of retrotransposons H.M.S. Beagle, 412, BEL, and Doc (Sun 1997, Sun 2003).
Meanwhile, some plant centromeres, such as a subset of centromeres in rice, are as
small as only 124kb in length and are composed of satellite CentO, retroelements, and
gene sequences (Nagaki et al. 2004; Wu 2004; Zhang 2004; Yan 2006). Maize
centromeres are larger than rice, but their organization is similar to that of rice
centromeres with interspersed CentC satellite arrays and retrotransposons (Jin 2004).
!

Satellites reside at multiple locations in the genome including at centromeres,

telomeres, and evolutionary breakpoints, chromosomal sites of breakage that are often
reused as centromere locations. Satellite sequences vary in length, but what they all
have in common is organization in tandem sequence arrangement (Figure 1A), which
form higher order arrays, such as are found in human centromeres (Vissel et al. 1989;
Alexandrov et al. 2001). Satellite DNA repeats have traditionally been thought to be
transcriptionally silent because they generally lack promoter sequences; however,
promoters have been identified in the centromeric satellite DNA of the beetle (Pezer et
al. 2008). Moreover, transcripts from satellites have been identified in a broad range of
species (Alkan et al. 2011); promoters within these other satellites have yet to be
identified.
!

Retroelements, including retrotransposons and retroviruses, are mobile DNA

sequences with the capacity to replicate themselves through an RNA intermediate. They
7

contain their own promoter sequences allowing for transcription. After being transcribed
they are reverse transcribed into DNA by the enzyme reverse transcriptase, and
proceed to integrate back into the genome. Retroelements can be broken down into a
few different classifications. First, there are autonomous elements that contain all the
required genes within their sequence to retrotranspose themselves (Xiong et al. 1990).
This class can further be broken down into long terminal repeat or LTRretrotransposons and non-LTR retrotransposons, both of which can be transcribed by
RNA polymerase II (Coffin 1997).
!

LTR-retrotransposons, also known as endogenous retroviruses (ERVs), are

thought to originate from exogenous retroviruses that integrated themselves into host
genomes and lost their ability to be infectious (Coffin 1997). ERVs are still capable of
replicating themselves and integrating into the genome at various locations, but they
cannot infect other cells. Their structure consists of a coding region containing two
genes, the pol gene and the gag gene, which is flanked by two identical LTRs (Figure
1B). The LTRs are the promoters which allow transcription of the entire element via
RNA polymerase II (Coffin 1997). The pol gene produces a polyprotein with the
capability of reverse transcribing the mRNA into double stranded cDNA that can be
integrated back into the genome in a different location (Barbulescu et al. 1999;
Greenwood et al. 2005; Jurka et al. 2005; Buzdin et al. 2006). The polyprotein also
contains activities of a protease, integrase, and RNaseH (Ono et al. 1986). The gag
gene produces a capsid like protein which, in exogenous retroviruses, would have been
used to encapsulate the virus for further infection.
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!

One of the most abundant and well characterized non-LTR retrotransposons is

the mammalian LINE-1. Instead of containing LTR sequences, LINE-1 has a 5’-UTR
containing a promoter, two open reading frames, ORF1 and ORF2, and a 3’-UTR with a
polyadenylation signal (Figure 1C). ORF1 produces an RNA-binding protein which is
needed for retrotransposition, while ORF2 produces a protein with reverse transcriptase
and endonuclease activities, which are required for the integration of LINE-1s through a
process called target-primed reverse transcription (TPRT) (Han et al. 2005). This
integration process, where the endonuclease nicks the DNA leaving a 3’-hydroxyl open
for priming reverse transcription, was first identified in the silkworm for a non-LTR
retrotransposon, R2 (Luan et al. 1993). TPRT was later demonstrated as the integration
mechanism of LINE-1s in mammals (Cost et al. 2002). LINE-1s insertion can be
detrimental if a vital gene is interrupted, but LINE-1’s have also been displayed to have
enhancer effects (Han et al. 2005), and may be involved with the propagation of X
inactivation (Lyon 1972; Bailey et al. 2000) and retrotransposon DNA-mediated repair
(Morrish et al. 2002).
!

A second class of retroelements, the non-autonomous retroelements, are

incapable of retrotransposing themselves. Instead, non-autonomous elements use the
machinery of the autonomous retroelements to replicate and integrate back into the
genome (Okada et al. 1997; Kapitonov 2003; Ohshima et al. 2005). Short interspersed
nuclear elements (SINEs) are an example of this type of element. They are thought to
be derived from different polymerase III produced non-coding RNAs that emanate from
the 7SL (Weiner 1980), tRNA (Okada et al. 1997; Churakov 2005; Gogolevsky et al.
2009), and 5sRNA genes (Kapitonov 2003; Gogolevsky et al. 2009). The promoter
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sequences for SINEs have homology to the promoter sequence found within the noncoding RNA that the SINE originated from and therefore, can direct transcription via
RNA polymerase III. After the promoter, there is a non-coding intergenic sequence
followed by a simple repeat tail (Figure 1D). The SINE tail is generally homologous to
the tail of the LINE-1 element from which the retrotransposition machinery was used
(Okada et al. 1997; Churakov 2005; Gogolevsky et al. 2009).
!

LTR retroelements, LINEs, and SINEs are highly abundant within eukaryotic

genomes. For example, retroelements comprise about 70% of some plant genomes and
50% of the human genome (Sanmiguel et al. 1998; Margulies et al. 2005).
Centromeres, telomeres, and evolutionary breakpoints can be highly enriched with
these sequences (Longo et al. 2009), but they are also scattered throughout other
regions of the genome. The fact that retroelements are enriched at centromeres and
have important functions elsewhere in the genome, e.g. acting as enhancers (Han et al.
2005), suggest the possibility that the retroelements may have a role in centromere
function.

10

Figure 1. Structure of different types of repetitive elements found within
centromeres. A) Satellite array. B) LTR retrotransposon. C) A LINE, a type of
autonomous retrotransposon. D) A SINE, a type of non-autonomous retrotransposon.
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!

III.B. Epigenetics of the centromere

!

The location of active regional centromeres is determined epigenetically by the

presence of the histone H3 variant cenH3 (plants), CENP-A (mammals), or CID
(Drosophila), not by the presence of a specific DNA sequence. CENP-A has been
proven to be both necessary and sufficient for centromere function (Guse et al. 2011).
Histone H3 is highly conserved across all eukaryotes, but CENP-A is rapidly evolving,
especially within the N-terminal domain (Wiens et al. 1998; Sullivan et al. 2001; Blower
et al. 2002; Dawe et al. 2006). The centromere-drive model has been proposed as an
explanation for the rapid evolution of centromeric DNA sequence and proteins (Malik et
al. 2002). In many eukaryotic species, such as mammals, female meiosis is
asymmetrical with only one functional egg produced from four possible germ cells.
Theoretically, if a single chromosome of a chromosome pair carries more microtubule
attachments at its centromere, it would have a greater chance for segregating into the
cell that will become the egg, a process known as meiotic drive (Malik et al. 2002).
Research suggests that the greater amount of CENP-A histones at the centromere, the
higher the number of microtubules that attach to the kinetochore. Recruitment of CENPA to the centromere is thought to increase with the expansion of satellite sequences. As
satellite sequence copy number rises, the number of CENP-A containing nucleosomes
increases, more microtubules attach to the kinetochore, and the more likely that
chromosome and its centromeric DNA will end up in the egg (Malik et al. 2002). In a
process called genetic conflict, CENP-A evolves by mutation to counter the effect of the
satellite expansion to bring the system back into equilibrium and reduce meiotic drive
(Malik et al. 2002). The satellite DNA sequence can then mutate or expand to start the
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whole process over again. Interestingly, CENP-A does not bind one specific type of
sequence. Chromatin immunoprecipitation experiments have been performed in many
plant species, chicken, and mouse, showing an enrichment of centromeric satellites and
retrotransposons in chromatin pulled down by a CENP-A antibody (Zhong 2002; Nagaki
et al. 2003; Nagaki et al. 2004; Houben et al. 2007; Ferri et al. 2009; Shang et al. 2010;
Tek et al. 2010; Wang et al. 2011).
!

Histone proteins are incorporated into the chromatin during DNA replication,

when the chromatin is in a more open state. CENP-A does not get deposited during this
time but instead is incorporated during late telophase/early G1 (Jansen et al. 2007). The
incorporation of CENP-A during this part of the cell cycle seems to be dependent on a
specific chaperone protein. In humans, this chaperone is HJURP, holiday junction
recognition protein (Dunleavy et al. 2009; Shuaib et al. 2010) while in Drosophila, CAL-1
serves this role (Erhardt et al. 2008). HJURP and CENP-A protein abundance increases
during G2 and peaks during mitosis (Foltz et al. 2009). Within humans, HJURP localizes
to the centromere at late telophase/early G1 and then leaves (Dunleavy et al. 2009;
Foltz et al. 2009). The highly conserved TLTY box of HJURP is the portion of the protein
that directly interacts with the CATD of CENP-A (Shuaib et al. 2010). Another protein
necessary for the deposition of CENP-A in human is hmis18, but this protein does not
directly interact with CENP-A and is recruited to the centromere prior to CENP-A
deposition (Dunleavy et al. 2009).
!

Another important centromere protein is the non-histone, DNA binding protein

CENP-B. While CENP-B has plays a role in centromere function, this protein, unlike
CENP-A, is not necessary nor sufficient for centromere formation. Research suggests
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CENP-B helps facilitate centromere formation, especially de novo centromeres of
artificial chromosomes (Ohzeki et al. 2002; Masumoto et al. 2004). CENP-B is a DNA
binding protein, but unlike CENP-A, CENP-B binds a specific 17bp sequence known as
the CENP-B box, which is normally found within satellite sequences (Earnshaw et al.
1987; Masumoto et al. 1989; Muro et al. 1992). Interestingly, CENP-B is not necessary
for centromere function as CENP-B is not found at neocentromeres (Voullaire et al.
1993) or centromeres of the Y chromosome in mouse and human (Earnshaw et al.
1989; Matera et al. 1992). In addition, some species lack a canonical CENP-B box
within their centromeric satellites (Goldberg et al. 1996) and CENP-B null mice are
viable (Hudson et al. 1998; Kapoor et al. 1998; Perez-Castro et al. 1998). CENP-B can
also localize to the active and the inactive centromeres of a dicentric chromosome, thus
it is not an epigenetic mark of the active centromere as is CENP-A (Earnshaw et al.
1989). However, the CENP-B protein and its DNA binding sequence are highly
conserved across species, suggesting a conserved function (Sullivan et al. 1991). The
current hypothesis is that CENP-B may help structure satellite repeats at the
centromere and bend the DNA allowing incorporation of CENP-A into nucleosomes, to
aid in the process of de novo centromere formation (Tanaka et al. 2005; Okada et al.
2007). Hasson et al have recently demonstrated that CENP-A nucleosomes are strongly
phased between two CENP-B boxes within alpha satellite sequences, most likely
caused by the bending of the DNA by CENP-B (Hasson et al. 2013). CENP-B may also
play a role in spreading heterochromatin (Nakagawa 2002; Okada et al. 2007) possibly
preventing a second centromere from forming juxtaposed to the original. However, its is
not clear why CENP-B is found at centromeres in species lacking centromeric satellite

14

sequences. Studies performed by Sharma et al (Sharma et al. 2013), suggest that some
satellite sequences have evolved from retrotransposons. In such a model, a
retroelement precursor sequence containing an immature CENP-B box, evolves into
CENP-B containing satellite sequences through processes of concerted evolution and
molecular drive (Sharma et al. 2013).
!

CENP-C is a third centromeric DNA binding protein which is only found within

active centromeres and serves as part of the inner kinetochore plate (Earnshaw et al.
1989; Saitoh et al. 1992; Sullivan et al. 1995). CENP-C is the link between the
centromeric chromatin and the kinetochore. This protein is composed of two major
parts, the poorly conserved central domain and the highly conserved C-terminal
domain, which contains two regions resembling the yeast Mif2 protein and are therefore
termed Mif2p homology domain II and III (Brown 1995). Both of the Mif2p homology
domain II and the central domain can interact with human centromeric alpha satellite
DNA (Trazzi et al. 2002). Interestingly, CENP-C binds alpha satellite arrays that contain
the CENP-B box necessary for CENP-B binding (Politi et al. 2002). Unlike CENP-A,
which is only deposited at the centromere during late telophase/early G1, CENP-C can
be incorporated throughout the cell cycle (Hemmerich et al. 2008). Studies in maize
have demonstrated that the binding of single stranded RNA molecules, associated with
centromeric chromatin, to CENP-C promotes and stabilizes the binding of this protein to
centromeric DNA (Du et al. 2010). The Mif2p homology domain III is necessary for
dimerization of CENP-C proteins and is the portion of the protein that interacts with
CENP-A (Trazzi et al. 2009). CENP-C’s recruitment to the centromere is dependent on
the presence of CENP-A (Trazzi et al. 2009). In drosophila CENP-C has the capability of

15

targeting CENP-A to the centromere (Erhardt et al. 2008; Hori et al. 2008). Du et al. (Du
et al. 2010) propose that CENP-C is recruited to the centromere first by protein-protein
interactions and then is altered into a functional DNA binding protein by its interaction
with centromeric transcripts. Due to the ability of CENP-C to target CENP-A to the
centromere and its integration into centromeric chromatin throughout the cell cycle,
CENP-C may act as a placeholder for CENP-A nucleosomes until they are deposited in
late telophase/early G1 (Du et al. 2010).
!

III.C. Neocentromeres and evolutionary new centromeres

!

Neocentromeres are ectopic centromeres that form at non-centromeric regions of

chromosomes, generally within individuals that have chromosomal rearrangements
(Amor et al. 2002; Warburton 2004; Marshall et al. 2008). About 100 human
neocentromeres have been recorded to date and are most commonly found on marker
chromosomes (structurally abnormal chromosomes) to save the chromosomal fragment
from being lost (Amor et al. 2002; Marshall et al. 2008). However, a few human
neocentromeres have been identified in karyotypically normal individuals and their
transmission to offspring has been confirmed (Amor et al. 2002; Ventura 2004). Human
neocentromeres lack the traditional alpha-satellite sequence found at canonical
centromeres, but the histone H3 variant CENP-A, is present at the newly formed
centromere site (Alonso 2003). Due to the lack of satellite sequences, neocentromeres
have been fully sequenced and assembled (Barry et al. 1999). The DNA sequence at
these locations does not seem to change with the sudden appearance of a
neocentromere, which supports the epigenetic mode of centromere maintenance and
inheritance. However, neocentromeres do not form at just any location along the
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chromosome. Nearly half the neocentromeres identified are found on chromosome
arms 3q, 13q, and 15q (Amor et al. 2002; Marshall et al. 2008). In addition, studies of
chromosomal evolution in primates and marsupials have demonstrated the reuse of
specific chromosomal locations for the formation of centromeres (Rens et al. 1999;
Rens et al. 2001; Eder 2003; Ventura 2003; O'Neill et al. 2004; Ventura 2004; Capozzi
et al. 2008; Stanyon et al. 2008; Capozzi et al. 2009). For instance, some human
neocentromeres form at chromosomal sites associated with centromere position on
primate chromosomes (Ventura 2003; Ventura 2004). If an endogenous centromere
becomes unstable, then CENP-A is recruited to one of these regions, possibly by a
specific DNA structure and or transcriptional profile, in order to save the chromosome
from being lost (Marshall et al. 2008). Interestingly, studies on the marker chromosome
10 neocentromere have identified the presence of LINE1 sequences (Chueh et al.
2005). Later studies on the same neocentromere demonstrated that a full length LINE1
was transcribed within this region and when this transcript was knocked down, CENP-A
loading was effected (Chueh et al. 2009). Thus, unlike canonical satellites, retroelement
presence is a commonality between eukaryotic centromeres and neocentromeres.
!

When the position of the active centromere moves to a different location along a

chromosome arm during evolution, the new centromere is termed an evolutionary new
centromere (ENC). Just like neocentromeres and centromeres, active ENCs are
determined by the presence of CENP-A. Some of the underlying DNA sequences of
ENCs are restructured, over time, to resemble more traditional centromeres of that
species (Ventura et al. 2007; Lomiento et al. 2008). For instance, the chromosome 4
ENC in macaque gained alpha-satellite DNA and had duplicated segments on both
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sides of the centromere (Ventura et al. 2007). Other ENCs, like horse centromere 11,
retain an underlying DNA sequence more similar to a neocentromere structure (Wade et
al. 2009). The difference between an ENC containing or lacking satellite sequence may
be correlated to the length of time the ENC has been established within a species.
Neocentromeres could be fixed in a population giving rise to ENCs, which are quickly
stabilized by insertions of satellite DNA and segmental duplications (Ventura et al. 2007;
Lomiento et al. 2008). Neocentromeres can be established in regions containing genes
and gene expression seems to be unaltered (Saffery et al. 2003). However, most ENCs
are established in gene desserts (Lomiento et al. 2008). Possibly, neocentromeres can
only be fixed in a population when they do not localize to gene rich regions since once
the underlying DNA sequence is restructured, the genes will no longer be expressed
causing these centromeres to not be selected for within the population. The fact that
ENCs are not established randomly along a chromosome and are possibly stabilized by
the presence of a specific sequence and/or structure supports the notion that
centromeric DNA sequence does play a role in centromere formation and function,
although how is unknown.
!
IV. Transcription at the centromere
Note: the contents of this section have appeared in the journal Chromosome Research
(Hall et al. 2012)!
!

IV.A. Pericentric transcription in heterochromatin maintenance

!

The pericentromere is a distinct chromatin structure found on both sides of the

centromere core region of monocentric chromosomes and performs a variety of
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functions such as maintaining the boundary that separates the euchromatin from the
centromere core (Chen et al. 2008), providing sites for sister chromatid cohesion during
mitosis (Lippman et al. 2004), and repressing meiotic recombination around the
centromere (Ellermeier et al. 2010). Transcripts emanating from this region, known as
pericentric transcripts, or PCTs, recruit heterochromatin factors that maintain the
heterochromatic histone modifications, specifically H3K9me2, H3K9me3, H3K27me2,
and K3K27me3 (Lippman et al. 2004; Chen et al. 2008; Djupedal et al. 2009; ReyesTurcu et al. 2011).
The fission yeast has been an instrumental model system in determining the
mechanism that facilitates heterochromatin formation. To date, three different
mechanisms of heterochromatin formation in the fission yeast have been identified, all
involving transcription and processing of the pericentric sequences into shorter
fragments (Lippman et al. 2004; Djupedal et al. 2009; Reyes-Turcu et al. 2011). The first
mechanism of heterochromatin formation involves the RNA interference (RNAi) pathway
through the action of RNA dependent RNA polymerase also known as RDRP (Lippman
et al. 2004). This enzyme produces double stranded RNA from single stranded PCTs
that can be cleaved by the RNAse III cleavage enzyme Dicer to form short interfering
RNAs known as siRNAs (Lippman et al. 2004). The siRNA then associates with the
RNA-induced initiation of transcriptional silencing (RITS) complex which in turn binds
another nascent pericentric transcript forming double stranded RNA (Djupedal et al.
2009). The process then cycles again, starting with Dicer cleaving the newly formed
double stranded RNA. The association of RITS with PCTs leads to recruitment of the
histone methyltransferase containing Clr4 complex (CLRC) that methylates lysine 9 of
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histone H3, thus maintaining regional heterochromatin (Lippman et al. 2004; Djupedal et
al. 2009).
Recent work in yeast has shown that an alternate RNAi pathway exists, in which
certain PCTs form secondary stem loop structures that are recognized and cleaved by
Dicer, thus bypassing the need for RDRP (Djupedal et al. 2009). The resulting siRNAs
associate with the argonaute containing complex RITS to assist in heterochromatin
formation in a manner analogous to that produced from the RDRP pathway. The third
mechanism of heterochromatin formation in yeast is an RNAi-independent mechanism
that acts in parallel to the RNAi pathway (Reyes-Turcu et al. 2011). Heterochromatin
was shown to form in yeast cells carrying a deletion of dicer or argonaut and mlo3, an
RNA binding protein that exports mRNA from the nucleus (Reyes-Turcu et al. 2011). In
these mutants, the exosome degrades aberrant PCTs into shorter RNA fragments that
are then capable of forming de novo heterochromatin through an as yet unknown
mechanism.
The RNAi pathway is not a feature unique to yeast as similar pathways for
establishing heterochromatin at pericentromeres have also been identified in other
organisms, including rice, Arabidopsis and Drosophila (Lippman et al. 2004; Neumann
et al. 2007). Moreover, in mouse, major and minor satellite transcripts specific to the
pericentromere and centromere, respectively, may also be involved in heterochromatin
maintenance (Hsieh et al. 2011). Transcripts from both types of mouse satellites
associate with WDHD1 (WD repeat and HMG-box DNA binding protein 1), an acidic
nucleoplasmic DNA-binding protein whose activity is coupled to RNA polymerase II
(RNAPII) transcription and may play a role in RNA processing (Hsieh et al. 2011).
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WDHD1 knock-down results in an increase in major and minor satellite transcription and
a decrease in the compaction of heterochromatin, ultimately leading to a cell cycle
progression deficiency (Hsieh et al. 2011). This data implicates WDHD1 as a member of
a heterochromatin maintenance pathway analogous to the RNAi pathway in yeast.
From studies across major eukaryotic lineages it is clear that PCTs have other
roles in addition to heterochromatin formation and that some of these functions may be
strand specific (Chen et al. 2008; Eymery et al. 2009; Probst et al. 2010). Recent
research suggests that PCTs may play a role in the formation of chromocenters
(Eymery et al. 2009; Probst et al. 2010), nuclear structures formed from the aggregation
of heterochromatin from multiple chromosomes. The number of chromocenters present
within a nucleus can be tissue specific and can change during cell differentiation
(Ceccarelli et al. 1998). PCTs and centromeric transcripts or CTs are shown to localize
to chromocenters as mouse cells differentiate into muscle cells (Eymery et al. 2009).
Another study examining developing mouse embryos illustrates that major satellite
PCTs are required for the formation of chromocenters at at the 2-cell stage of
development (Probst et al. 2010). Interestingly, the sense and antisense strand of major
satellite PCTs in mouse are expressed at different developmental times and levels and
localize to different places within the cell. Moreover, the sense strand is expressed in a
parent of origin manner, emanating only from the paternal chromosome, beginning at
the 2-cell stage of development. Towards the end of the 2-cell stage, when
chromocenters have formed just prior to the second mitotic division, there is a burst in
expression from the antisense strand of both maternal and paternal chromosomes.
While the sense strand PCTs localize to the nucleus and the cytoplasm, the antisense
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strand PCTs are confined within the nucleus, demonstrating that nuclear retention is
also strand-specific (Probst et al. 2010).
Differences in strand expression from the pericentromere are also observed in
adult mouse tissues and human cells (Eymery et al. 2009). For example, expression of
the antisense strand of PCTs in mouse testis was found only to be present within
seminiferous tubules lacking mature sperm (Rudert et al. 1995). The sense strand was
not limited to a specific developmental time point within the mouse testis and was also
present in the liver (Eymery et al. 2009). Within normal and stressed HeLa cells, PCT
levels of satIII are more abundant in the sense orientation (Valgardsdottir et al. 2008) .
The same phenomenon of differences in sense and antisense strand transcription of
pericentric sequences has been observed in yeast. Chen et al. (Chen et al. 2008)
showed that the sense strand is not transcribed in the presence of heterochromatin, but
the antisense strand is actively transcribed. During the S phase of the cell cycle there is
an increase in sense strand transcription coincident with high RNAPII occupancy; the
authors propose this is due to less heterochromatin compaction during this time (Chen
et al. 2008) . Why transcription of one strand over another would occur is unclear,
especially if heterochromatin limits RNAPII binding altogether. However, it is possible
that there are strand specific DNA or histone marks, analogous to those found at
imprinted loci where there are parent of origin marks that define strand specific
expression control (Ferguson-Smith 2011).
!

IV.B. Impact of transcription on centromere function

!

Centromeres are composed of unique chromatin, centrochromatin, that is

marked by the modified histone 3 CENP-A, H3K4me1, H3K4me2, H3K36me2 and
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H3K36me3 in most species (Sullivan et al. 2004; Bergmann et al. 2011) . However,
maize and rice appear unique as the centromeres of these species do not contain an
enrichment for H3K4me2 (Wu et al. 2011; Gent et al. 2012). Instead, the specific type of
centromere sequence present dictates the class of corresponding histone modifications.
For instance, genes present at rice centromeres have the same histone modifications
as genes present in euchromatin (Yan et al. 2005; Wu et al. 2011). Thus, the lack of
enrichment for H3K4me2 could be due to the presence of actively transcribed genes
embedded in between clusters of centC centromeric satellite and CRM (centromeric
retroelements of maize) retrotransposon sequences (Gent et al. 2012). In support of this
theory, actively transcribed genes are also found in human neocentromeres and their
expression does not affect the presence of centrochromatin (Saffery et al. 2003).
Centromeric satellite and retroelement transcripts have been identified in a
multitude of different organisms including rice, maize, beetle, tammar wallaby, mouse,
and human and are of various sizes, from 35nt to 5000nt in length (Topp et al. 2004;
Bouzinba-Segard et al. 2006; Lee et al. 2006; Yan et al. 2006; Pezer et al. 2008; Carone
et al. 2009; Chueh et al. 2009; Ferri et al. 2009; Du et al. 2010). CT levels, like PCT
levels, can change depending on developmental stage and tissue type. For instance, in
the beetle, more CTs are observed in the pupae stage than adult (Pezer et al. 2008). In
both the beetle and tammar wallaby, transcription of centromeric sequences can be
seen from both strands (Pezer et al. 2008; Carone et al. 2009), implicating nearby
bidirectional promoters within or adjacent to the sequences being transcribed (Lee et al.
2006; Pezer et al. 2008; Carone et al. 2009). Since retroelement sequences contain
their own promoters and are found at most centromeres, it is plausible that these
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promoters are utilized to transcribe retroelement and adjacent satellite sequences
(Carone et al. 2009). However, beetle satellite sequences (PRAT) contain bidirectional
promoters that may also facilitate nascent centromeric transcription at least in this
species (Pezer et al. 2008).
Studies have shown that the overall level of transcription of centromeric
sequences is lower than that of pericentric sequences (Ohkuni et al. 2011). In some
cases, CTs are almost undetectable due to the rapid turnover of the RNA (Choi et al.
2011; Ohkuni et al. 2011; Chan et al. 2012). However, maintaining the correct level of
centromeric transcription in a cell is crucial for centromeres to assemble and function
properly during cell division. For example, when centromeric transcription is
substantially decreased or increased in budding yeast, there is a marked increase of
chromosome missegregation during cell division (Ohkuni et al. 2011). Chan et al
showed a similar effect in HeLa cells (Chan et al. 2012), wherein inhibition of RNAPII
transcription resulted in a decrease in CT levels and CENP-C deposition, concomitant
with an increase in lagging chromosomes during cell division.
Epigenetic modifications of engineered HACs (human artificial chromosomes)
confirmed the need for a critical balance in transcription levels for properly functioning
centromeres (Bergmann et al. 2011; Bergmann et al. 2012) . These studies also showed
that active transcription, not histone modifications, is a key element to maintaining
centromere function. When the levels of H3K4me2 at an engineered HAC centromere
were decreased, a significant decrease in transcription was coincident with a decrease
in the loading of newly synthesized CENP-A and decrease in CENP-C at the
kinetochore (Bergmann et al. 2011) . Alteration of the HAC centrochromatin to an open

24

chromatin state likewise resulted in disrupted CENP-A loading; the altered chromatin
state did not directly affect the HAC’s centromere activity, rather the resulting increase in
transcription lead to the observed detrimental effects (Bergmann et al. 2012). Thus, a
tight regulation of transcription is essential for proper centromere assembly (O'Neill et
al. 2009). Okada et al. (Okada et al. 2009) identified protein complexes, including FACT
(facilitates chromatin transcription), which contains CENP-H and CHD1 (chromodomainhelicase-DNA-binding protein 1) that are required for CENP-A deposition. While active
transcription and CENP-A loading was not assayed in this study, the localization of
FACT at the centromere support the model that active transcription is part of the
process required for CENP-A deposition.
There is increasing evidence of a direct RNA-protein interaction between CTs
and CENP-A bound chromatin in maize, mouse, and human. The specific function of
each type of CT may be dependent on its size, with observed CTs associating with
CENP-A ranging from 35nt to greater than 900nt in length (Topp et al. 2004; Chueh et
al. 2009; Ferri et al. 2009; Du et al. 2010). For example, the knockdown of a specific
sized LINE (long interspersed nucleotide element), which is shown to interact with
CENP-A at a human neocentromere, causes a decrease in CENP-A loading (Chueh et
al. 2009). CenH3 in maize was shown to interact with long CentC satellite transcripts
(Du et al. 2010). Interestingly, in the tammar wallaby, small centromeric transcripts align
to the same centromeric sequences found specifically within CENP-A nucleosomes
(Renfree et al. 2011). Conceivably, the small RNAs and long RNAs interact with CENPA at different times during the cell cycle, thereby temporally separating their respective
functions. CTs of various sizes are also part of a non-nucleosomal protein complex that

25

includes CENP-A. CTs in mouse are needed for the proper activity of Aurora B kinase
and the proper association of CENP-A with Aurora B kinase and Survivin (Ferri et al.
2009). CTs also associate with other centromeric proteins including CENP-C (Wong et
al. 2007; Du et al. 2010) and INCENP (Wong et al. 2007). The localization of CENP-C
and INCENP to both the nucleolus and centromere is dependent upon the presence of
centromeric RNA (Wong et al. 2007).
Due to the variety of interactions CTs have with various proteins, culminating in
the proper loading of newly synthesized CENP-A required for centromere assembly, it is
plausible that, like PCTs, there are specific size classes of CTs, each possessing a
unique function . The type of RNAs that cooperate with specific proteins in centromere
function may also vary in their structure, dependent on whether they are single
stranded, double stranded, or DNA-RNA heteroduplexes. While no RNA binding domain
has been defined for CENP-A, several studies have shown CENP-A can associate
directly with RNA (e.g. Topp et al. 2004). Moreover, since CENP-C is known to bind
single stranded RNA in the same domain shown to bind DNA (Du et al. 2010), it is
possible the same holds true for CENP-A. Remarkably, the nucleotide sequence of
CENP-C associated, single-stranded RNA does not affect its ability to bind CENP-C;
instead, the size of the transcript affects binding capability (Du et al. 2010), supporting
the idea that there are different size classes of transcripts with potentially different
functions. The function of the RNA may also be dependent on the type of repeat
element being transcribed. For example, there are different subtypes of centromeric
retroelements in rice and wallaby and some of these subtypes are processed into small
RNAs while others remain as long transcripts (Neumann et al. 2007; Carone et al. 2009;
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Ferreri et al. 2011). Interestingly, some of these retroelement transcripts are also
alternatively spliced resulting in the production of slightly different transcripts.

V. Macropus eugenii as a model species for chromosome biology
!

Clearly, there is more to centromere structure and function than just an

epigenetic mark, CENP-A, and/or kinetochore formation. Therefore, we can not truly
understand centromere formation and function without taking a closer look at the
interplay between centromeric DNA, RNA, and proteins and studying these interactions
across many species. For this reason, I have sequenced and assembled a mammalian
centromere to better study the DNA, RNA, and protein components involved in
centromere function within its genomic context, unlike previous studies of mammalian
centromeres. !
!

Most mammalian centromeres are characterized by higher order arrays of

satellite sequences, like the alpha satellite in human centromeres. These higher order
arrays are composed of 171bp alpha satellite monomers arranged in tandem over
megabase sized centromeres (Willard et al. 1987; Wevrick et al. 1989; Alexandrov et al.
2001). There is not enough unique sequence to properly assemble these centromeres
with the sequencing technology employed today (Lander et al. 2001; Eichler 2003).
Instead, the tammar wallaby, Macropus eugenii, was targeted as our model species to
sequence and assemble the first mammalian centromere for reasons described below.
!

The tammar wallaby, Macropus eugenii, is a member of the family Macropodidae,

which is part of the infraclass Masupialia. Marsupials have been extensively
characterized both phylogenetically and karyotypically (Hayman 1990). In fact, the first
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mammalian species karyotyped was a marsupial,the bandicoot in 1906 (reviewed in
O’Neill et al. 2004). Comparative studies have shown that there are 19 chromosome
blocks that have been rearranged throughout the evolution of this mammalian infraclass
(Rofe 1978; O'Neill et al. 2004). There has been a recent radiation of Macropodinae
karyotypes with extensive chromosomal rearrangements that have all occurred through
centric fusions, centric shifts, and pericentric inversions (O'Neill et al. 2004). These
rearrangements have caused the diploid number to vary among the 58 Macropodidae
species, from 2n=10/11 (Wallabia bicolor) to 2n=24 (Lagostrophus fasciatus)(Hayman
1990). Within Macropodidae, the recently derived genus Macropus, which includes 14
different species including the tammar wallaby, has undergone a rapid karyotypic
radiation (O'Neill et al. 2004). Centric fusions are the most common type of
chromosome rearrangements within this genus, but there are several instances of
chromosome block translocations (Rofe 1978; Bulazel et al. 2007). Notably, the
breakpoints between syntenic blocks that are reused all occur at active centromere
locations in at least one species in this complex (Bulazel et al. 2007). For this reason,
the genus Macropus is a great tool for studying centromere evolution in the context of
chromosome evolution.
!

Bulazel et al. examined the karyotypic distribution of previously identified (Bulazel

2005) centromeric satellite sequences within Macropus (Bulazel et al. 2007). One of
these satellites, sat23, is present within all centromeres of the true wallaby species, M.
parma, M. rufogriseus theredneck wallaby, M. agilis the agile wallaby, and M. eugenii
(Bulazel et al. 2007). Sat23 within tammar and agile centromeres is not as expansive as
the satellite arrays within redneck wallaby centromeres, which is notable since the agile
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and tammar wallaby last shared a common ancestor more recently than the redneck
wallaby (Bulazel et al. 2007). Somehow, the redneck wallaby had an expansion of
sat23, while the tammar and agile wallaby lost or maintained the ancestral number of
satellite sequences within their centromeres.
!

The loss of these large satellite arrays within the centromere and the evolutionary

position of the species makes the tammar wallaby a perfect model to study centromere
formation and function. Also, previous work that I contributed to on tammar wallaby
centromeres estimated the average size of the centromere to be about 420Kb, with a
heterogenous organization of kangaroo endogenous retrovirus LTR (kLTR) and sat23
(Carone et al. 2009), another previously identified centromeric sequence (Ferreri et al.
2011). This interspersed pattern of repeats is shared in rice centromeres with respect to
the CentO satellite and CRR retroelement. This structure enabled scientists to
sequence and assemble a subset of the centromeres in this species (Wu 2004; Yan
2006). Based on our fiber mapping data, we proposed that, similar to rice, the small size
and interspersed pattern of tammar wallaby centromeres would also aid in the ability to
sequence and assemble a centromere from this mammalian species.
!

Additionally, previous work suggests that small RNA’s in the size range of

35-42nt emanate from tammar wallaby centromeres (Carone et al. 2009). The LTR of
KERV (kLTR) was demonstrated to act as a bidirectional promoter which would allow
non-promoter containing sequences to be transcribed if they are juxtaposed with kLTR
(Carone et al. 2009). With a fully sequenced mammalian centromere, the function of
retroelements in CENP-A binding and transcription can be better assessed and the role
of and interactions between the DNA sequence, RNA transcripts, and proteins can be
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compared between plants and mammals. A fully sequenced tammar wallaby centromere
will also help future studies on centromere evolution within the genus Macropus.

VI. Introduction summary
!

Centromeres are critical chromosomal structures that are needed for accurate

inheritance of genetic material. Regional active centromere locations are epigenetically
determined by the presence of CENP-A, a histone H3 variant, and not by an underlying
DNA sequence (Sullivan et al. 2001; Allshire et al. 2008). However, retroelements hold
important functions throughout the genome and are located at neocentromeres and
centromeres of species ranging from plants to mammals. Balanced transcription at the
centromere is required for proper centromere function and many of the elements being
transcribed are retroelements (reviewed in Hall et al. 2012). My thesis work aims to test
the hypothesis that retroelement sequences aid in centromere demarcation; however, to
accurately identify a possible centromeric role for any particular element, a fully
sequenced mammalian centromere would provide genomic context. Chapter 2 lays the
foundation for the functional studies by describing the sequence assembly and
characterization of a 1.62Mb tammar wallaby CEN1 scaffold. The lack of satellite
sequences and overall increase in repetitive elements, mainly retroelements, within this
1.62Mb centromeric scaffold suggests an importance for retroelement sequences in
centromere formation and function. Chapter 3 builds upon the findings in Chapter 2 by
providing evidence for the interaction of specific retroelement DNA and RNA sequences
with CENP-A. Chapter 4 describes future studies that will need to be conducted in order
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to link the functionality of some of the identified retroelement sequences to centromere
function.
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CHAPTER 2 - MACROPUS EUGENII CEN1 SEQUENCE AND STRUCTURE
I. Overview
!

Many eukaryotic organisms’ genomes have been sequenced and assembled, yet

there remain many gaps within the sequence, generally in areas with a high repeat
content, e.g. telomeres, centromeres, and evolutionary breakpoints (Lander et al. 2001;
Eichler 2003). The human genome assembly is an example of one of the most complete
assemblies to date, yet most of the centromeres have not been fully traversed (Venter
et al. 2001). The exception is the human X and Y centromeres that have been
bioinformatically assembled (Miga 2013, in press). To date, however, no mammalian
centromere has been physically mapped, sequenced, and assembled. The lack of
complete mammalian centromere sequences has inhibited the progression of
centromere biology in its efforts to understand the role centromeric DNA may have in
centromere formation. While one specific centromeric DNA sequence does not single
handedly denote the location of the active centromere, different types of centromeric
sequences, like satellites or retroelements, may be the starting point for a cascade of
events that leads to CENP-A binding, the epigenetic determinant of active centromeres.
The work described in this chapter details the sequencing and assembly of a 1.62Mb
tammar wallaby CEN1 supercontig, the study of which will allow dissection of functional
centromeric DNA sequences in a genomic (Chapter 2) and evolutionary context
(Chapter 3).
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II. Background
!

In most eukaryotic organisms, centromeres are visualized as primary

constrictions on metaphase chromosomes and are the point of kinetochore assembly
and microtubule attachment. These chromosomal structures are necessary for accurate
division of genetic material during the processes of mitosis and meiosis. Misregulation
of centromere formation can lead to aneuploidy and can be either a cause or an effect
of certain types of cancers (reviewed in Hall 2012). Research suggests the DNA
sequence of the regional centromere, the most common type of eukaryotic centromere,
is rapidly evolving as it varies greatly among species (Eichler 1999; Henikoff 2002) and
does not denote the location of the active centromere (Alexandrov et al. 2001; Cheng et
al. 2002; Jiang et al. 2003; Sun et al. 2003; Kuznetsova et al. 2006). Instead, the
chromosomal location of the centromere is determined epigenetically by the presence of
CENP-A, a histone H3 variant, found only at active centromeres (Sullivan et al. 2001;
Allshire et al. 2008). However, centromeres do not form randomly within a chromosome
and there is a commonality of centromere-resident sequence type among species;
satellite sequences and retroelements have been found at regional centromeres from
groups of species as diverse as plants and marsupials (Jiang et al. 2003; Dawe et al.
2006; Carone et al. 2009; Birchler et al. 2011). Both centromeric sequence types have
also been demonstrated to interact directly with CENP-A (Vafa et al. 1997; Warburton et
al. 1997; Vafa et al. 1999; Ando et al. 2002; Zhong 2002; Topp et al. 2004; Ferri et al.
2009), implicating them in the epigenetic cascade involved in centromere formation.
!

Satellite sequences, short, repeated sequences that range in size from a few to

thousands of base pairs, are organized as repeated monomers or as higher order
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arrays and are found within most centromeres (Alkan et al. 2011). In contrast, satellites
are not found at neocentromeres, regional centromeres formed at euchromatic sites
(Barry et al. 1999; Lo et al. 2001) , and are absent from evolutionary new centromeres
(ENCs) in the domestic horse (Wade et al. 2009). Retroelements, a repeat family
comprised of retrotransposons and retroviruses, are mobile DNA sequences with the
capacity to replicate themselves through an RNA intermediate. Natively devoid of
satellite sequences, retroelements are found within or next to neocentromeres (Chueh
et al. 2005), ENCs (Wade et al. 2009) and resident regional centromeres (Komissarov
et al. 2010). For example, intracisternal A particle (IAP) retroelements and long
interspersed nuclear elements (LINEs) have been found adjacent to both the minor and
major satellite sequences of mouse centromeres (Komissarov et al. 2010).
!

Very few centromeres have been completely sequenced due to limitations in

modern sequencing technology with respect to read generation and assembly of highly
repetitive regions of the genome (Lander et al. 2001; Eichler 2003). The only eukaryotic
centromeres that have been completely sequenced to date are those of budding yeast,
fission yeast, centromeres of chromosomes three, four, and eight in rice, a human
neocentromere, and bioinformatically assembled human X and Y centromeres (Clarke
1990; Takahashi et al. 1992; Barry et al. 1999; Nagaki et al. 2004; Wu 2004; Zhang
2004; Yan 2006).
!

The tammar wallaby, Macropus eugenii, and its closest relative based on

chromosome evolution, the agile wallaby, Macropus agilis, have relatively small
centromeres (Bulazel et al. 2007). Tammar wallaby centromeres have an average
centromere size of ~420Kb, with an apparent heterogenous organization of a satellite,
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sat23, and kangaroo endogenous retrovirus LTR, kLTR (Carone et al. 2009). This
interspersed pattern of repeats is reminiscent of the organization of the CentO satellite
and CRR retroelement in rice centromeres (Wu 2004).
!

The tammar wallaby is a model species representative of a genus with a high

rate of centromere re-use in chromosomal evolution (Rofe 1978; Bulazel et al. 2007).
Furthermore, unlike the cytologically large and satellite rich centromeres of a close
relative, the redneck wallaby (Bulazel et al. 2007), and other mammalian species (Jiang
et al. 2003; Dawe et al. 2006; Birchler et al. 2011), the tammar wallaby karyotype has
small centromeres (Carone et al. 2009), and is thus more tractable using nextgeneration sequencing technologies. We set out to assemble the first canonical
centromeric sequence in a mammalian species. A 1.62 Mb sequence traversing tammar
wallaby CEN1 was sequenced and assembled and its structure was found to be similar
to neocentromeres, ENCs, and smaller plant centromeres, as it is devoid of satellite
sequences. Instead tammar CEN1 is composed of 47% interspersed and variable
repetitive sequence including 31% LINEs and 12% SINEs. The data presented within
this chapter supports the hypothesis of the boustrophedon model for chromatin
organization within a centromere (Ribeiro et al. 2010; Quenet et al. 2012). The recently
proposed boustrophedon model proposes that a linear piece of chromatin is folded in
such a way that it traverses the centromere multiple times at it goes back and forth
between the p arm to the q arm pericentric regions (Figure 2). This organization is in
contrast to previously described models where chromatin was thought to loop within a
coil placing CENP-A regions only on the outside of the primary constriction (Sullivan et
al. 2001; Schueler et al. 2006).
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Figure 2. Boustrophedon model for centrochromatin organization. A)
Boustrophedon model: A single chromatin fiber is organized in a sinusoidal wave in
multiple layers spanning from the pericentromere in the q arm to the pericentromere of
the p arm (Ribeiro et al. 2010). B) Alternative model: A linear piece of DNA is coiled and
stacked as it spans from the q to the p arm side of the centromere (Schueler et al.
2006). Reproduced from images published Ribeiro et al. 2010 and Schueler et al 2006.
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P arm

P arm

Q arm
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III. Completion of a tiling path of BACs across a tammar wallaby centromere
!

The first goal of the project was to build and sequence a minimum tiling path of

BACs across a tammar wallaby centromere. The first step to building this minimum tiling
path was to isolate a BAC physically located within a tammar wallaby centromere.
Sat23, a known centromeric repeat within redneck wallaby centromeres, was previously
FISH mapped to tammar wallaby centromeres (Bulazel et al. 2007). It should be noted
that a sat23 signal was only seen on the centromeres after a two night hybridization and
room temperature washes, suggesting there is little homology between sat23 of the
redneck wallaby and its ortholog in the tammar wallaby (Bulazel et al. 2007). The
homologous sat23 sequence within the tammar wallaby, as demonstrated by Southern
and fiber FISH, is not organized in a tandem array (Supplemental Figure 1), a common
feature of all satellite sequences (Willard et al. 1987; Wong et al. 1988; Vissel et al.
1989; Wevrick et al. 1989; Alexandrov et al. 2001; Nagaki et al. 2004; Wu 2004; Zhang
2004; Yan 2006). Therefore tammar wallaby sat23 should be called a repetitive element
rather than a satellite sequence, at least in this species. Given its putative centromeric
location in tammar, a probe to sat23 (from M. rufogriseus) was used to identify
centromeric BACs from tammar wallaby BAC filters. To further reduce the target pool for
in situ validation, 65 BACs were identified and subjected to a secondary screen via dot
blot with probes from other, previously identified centromeric sequences, including kLTR
and a LINE fragment (Ferreri et al. 2011). A selection of BACs positive for a minimum of
two centromeric sequences were mapped via FISH, with the exception of 3 BACS which
were only positive for sat23.
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!

Each of these 29 validated BACs were further assessed via FISH mapping. All of

these BACs mapped to various evolutionary break points, regions within the tammar
karyotype known to harbor active and/or past centromere locations (Bulazel et al. 2007),
telomeres, and/or centromeres (Supplemental Table 1A). Four BACs (075A20, 196I22,
004K15, 159J01) mapped to the p arm side of CEN1 and were used as the starting
point to establish the minimum tiling path.
!

Since the orientation of these CEN1 BACs with respect to the centromere was

unknown, overgo probes were designed from both ends of the BAC 075A20 insert
sequence, which were then used to screen the tammar BAC filters for overlapping
BACs that extended in either direction (i.e. both towards the centromere and towards
the telomere). BACs positive for the overgo probes (Supplemental Table 2) were
isolated and FISH mapped to determine their chromosomal location and orientation.
Interestingly, one of these newly obtained BACs, ME-Kba 132O20, mapped to the q arm
side of CEN1 (Supplemental Figure 3). This proved advantageous as BACs on both
sides of CEN1 were identified and isolated early in the development of the minimum
tiling path. Thus, to complete the centromeric minimum tiling path, BACs could be
isolated from both the p and q arm sides of CEN1 until a supercontig was formed that
contained the 075A20 BAC on the p arm and 132O20 on the q arm. However, the
orientation of the p and q arm BACs to the centromere (which side of the BAC was
closer to the centromere) was still unknown, requiring a screen of BAC filters from
overgo probes designed from both ends of both of those BACs, therefore jumping in
four directions (Supplemental Figure 2).
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!

In this early stage of the development of the tiling path, BACs which overlapped

with the q arm BAC 132O20 were more easily isolated with respect to overgo probe
design and positive BAC hybridizations compared to the BAC on the p arm side. This
prompted me to abandon the p arm set of jumps and focus on expanding the q arm
BAC minimum tiling path in both directions until the orientation, with respect to CEN1,
could be determined. However, two of the p arm BACs were set aside for sequencing
following FISH confirmation (Supplemental Figure 3). Moreover, these p arm BACs
were instrumental in deriving the orientation of the set of q arm BACs within the tiling
path.
!

The orientation of the minimum tiling path to the centromere was confirmed by

combining together BACs that overlapped with each other into blocks of probes and
hybridizing them to DNA fibers. Block 1 was composed of BACs on the p arm side
(described above) and acted as an anchor point to determine if block 2 or block 3 (left
side versus the right side of the q arm minimum tiling path) was closer to the
centromere, i.e. closer to block 1(Supplemental Figure 4). Based on these fiber FISH
experiments, block 3 was identified as closer to block 1, delineating its orientation with
respect to CEN1 (Figure 3A).
!

For accurate assembly of highly repetitive regions, Roche’s 454 GS FLX Titanium

Chemistry was used for 3 Kb paired-end sequencing of CEN1 positive BACs. The long
read length, paired-end reads, and sequencing depths of each BAC, ranging from
~50-400X (Supplemental Table 3), allowed for complete assembly of individual BACs
within the minimum tiling path into a single scaffold, with two exceptions. BAC ME_Kba
088N24, confirmed to map to CEN1 (Supplemental Figure 3) was assembled into four
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separate scaffolds and BAC ME_KBa 453L22 was assembled into two separate
scaffolds. Due to the highly repetitive content of centromeres, assembling each BAC
separately to produce a single contiguous sequence of high confidence for each BAC
prior to assembling the BAC contigs into a single scaffold allowed for greater confidence
of the final centromeric consensus sequence produced. In addition to the sequence
depth of each BAC, the regions of BAC overlap produced sequence depths twice as
large as for each BAC alone. Therefore, most of the sequence produced for the 1.62Mb
CEN1 supercontig was sequenced to a depth of 100-1000X.
!

Two separate contigs were generated when the final 14 CEN1 BAC sequences

were assembled. Contig 1(error rate of 3.24E-2 ) contained eight BACs whereas Contig
2 (error rate of 3.02E-2 ) contained six BACs. Dot plot analysis showed that there was
an overlap of 20197 bp between Contig 1 and Contig 2 (Supplemental Figure 5).
Subsequently, the MUSCLE (Edgar 2004) algorithm built into Codon Code Aligner was
used to assemble the two contigs (encompassing the sequence of 14 FISH mapped
BACs) into a minimum tiling path spanning 1.62 Mb of CEN1 with a total error rate of
3.14E-2 and a quality score of 235883 (Figure 3B).
!

The isolation of BAC 254L09, which appears to hybridize to both sides of CEN1

interchangeably, and sometimes concurrently, suggests that the entire centromere core
was indeed captured (Figure 3C). Also, the estimated size of tammar wallaby
centromeres is ~420 Kb and the CENP-A binding region of the 1.62 Mb CEN1
supercontig is almost twice the predicted average size at 800 Kb (discussed below).
However, BAC 182P19 is the BAC most distal to the pericentric region of the q arm
based on the assembly suggesting that this BAC should localize to both sides of the
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centromere or just the p arm. Instead, 182P19 FISH maps more to the q arm side of
CEN1 suggesting we might be missing a piece of centromeric DNA (Figure 3D).
However, further functional validation indicates this is not the case (see below and
Chapter 3).
!

Although abandoned from the physical mapping portion of the tiling path

development, p arm side BACs (075A20, 159F07, 568M16, 550N12, and 571M17) were
sequenced as above. However, these BACs did not bioinformatically assemble with the
1.62 Mb minimum tiling path extending from the q arm side and were set aside for future
analyses.
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Figure 3. 14 BAC minimum tiling path spanning 1.62 Mb of CEN1. A) Confirmation
of the orientation of the minimum tiling path of BACs by fiber FISH of Block1 (075A20,
044K15, 196I22, 159J01) in red, which localizes to the p arm side of CEN1 on
metaphase chromosomes, Block2 (377N23, 103A21, 040C12, 088N24, 082C13 ) in
aqua, and Block3 (252E15, 459G21, 532H17, 099K15 ) in green, which both locate to
the q arm side of CEN1 on metaphase chromosomes. B) Minimum tiling path of BACs
spanning 1.62 Mb of CEN1(not drawn to scale). C) FISH of BAC ME_Kba 254L09
(green) on tammar wallaby metaphase chromosomes (grey) showing hybridization to
different sides of CEN1. D) Fluorescence in situ hybridization (FISH) of BACs ME_Kba
182P19 (green) localizing to CEN1 on tammar wallaby metaphase chromosomes
(grey).
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IV. Tammar CEN1 carries a complex sequence structure
!

Most mammalian centromeres consist of tandem arrays of satellite sequences

(Henikoff 2001) organized into higher order tandem arrays of homogenous short
sequence arrays (Plohl et al. 2008). The tammar wallaby centromeres, based on my
early fiber FISH mapping data (Carone et al. 2009), are known to differ from this
organizational structure and instead carry a variable pattern of sat23 and kLTR
hybridization signals across the CENP-A-containing region (Carone et al. 2009)
(Supplemental Figure 1B). Confirming the previously proposed model for the
organization of the tammar wallaby centromere (Carone et al. 2009), canonical satellite
sequences were not identified within the 1.62 Mb CEN1 supercontig with either
RepeatMasker (Smit), RepeatModeler (Smit), BLAST, or BLAT. Sat23, a known
centromeric satellite previously identified in redneck wallaby centromeres (Bulazel
2005), was presumed to reside in small portions interspersed with kLTR in the tammar
wallaby centromeres based on FISH mapping data (Bulazel et al. 2007; Carone et al.
2009). However, only small sections (11-21nt) of sequences homologous to sat23 were
identified within the CEN1 supercontig. The lack of full length, high identity sat23
elements was not surprising since the FISH signal observed required low stringency
conditions, including a two night hybridization and room temperature washes.
!

In contrast to other mammalian centromeres that are relatively satellite-rich,

tammar CEN1 carries 53% non-repetitive sequence, and interspersed and variable
repeats including 31% LINEs, 12% SINEs, and small percentages of LTR elements,
DNA elements, simple repeats, and low complexity sequence (Figure 4A). Relative to
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the overall sequence content of the tammar macEug2 genome as a whole (Renfree et
al. 2011), there is an overall increase in the percentage of repetitive sequences within
CEN1 (Figure 4A). However, the distribution of specific classes of repetitive sequences
within the repeat content of CEN1 is only slightly different in comparison to that of the
entire tammar macEug2 genome (Figure 4B). This CEN1 structure is reminiscent of a
particular maize neocentromere on a dicentric chromosome, sDic-5, identified and
described by Zhang et al (Zhang et al. 2013). This dicentric chromosome can be stably
inherited through meiosis even though it does not have a homolog (Zhang et al. 2013).
The new centromere position on this maize chromosome, which was the location of the
active centromere, was devoid of satellite sequences but had a slightly higher repetitive
content compared to the surrounding euchromatin (Zhang et al. 2013). Based on limited
satellite sequences (spanning a total of 1894bp) within the tammar macEug2 genome
(Renfree et al. 2011), the interspersed pattern of sat23 and kLTR on DNA fibers (Carone
et al. 2009), and the non-satellite structure of sat23 seen in Southern analyses
(Supplemental Figure 1A), we infer that tammar wallaby centromeres lack canonical
satellites typical of larger centromeres (Carone et al. 2009).
!

Notably, the distribution of repetitive sequences across the CEN1 supercontig

does not display a tandem repeat pattern. Rather, there is a quasiperiodicity of certain
repeats across the CEN1 supercontig. The density of LINEs corresponds to the density
of total repeats (Figure 4C), whereas the density of SINEs across the CEN1 supercontig
are found outside of total repeat and LINE dense domains (Figure 4C). In other words,
as LINE density increases, the density of SINEs decreases. In addition to transposable
element quasiperiodicity, there is an increased density of SINEs, LTR elements, and
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LINE HAL1-3_ME elements along the CEN1 supercontig at the proximal p-arm side
(toward BAC ME_Kba 182P19).
!

To test whether the organization and quasiperiodicity of repetitive elements at

tammar CEN1 is similar to the observed higher order arrays of alpha satellite
sequences found at the human X centromere (Ross et al. 2005), we performed an
advanced percent identity plot alignment with Advanced PipMaker (Schwartz et al.
2000). The 1.62Mb CEN1 sequence was broken up into 100,000bp sections across the
supercontig. Each 100,000bp section was then aligned to the 1.62Mb CEN1
supercontig. The X centromere analysis was complicated by the limitation of Advanced
PipMaker to identify all higher order repeat structures within the 100,000bp sections and
so the bin size had to be reduced to 50,000bp. Despite this limitation, the PIP
visualization produced from Advanced Pipmaker shows a clear interspersed and highly
variable pattern of repetitive elements at tammar CEN1 versus the conserved tandem
arrays of one particular sequence at the human X centromere (Figure 4D).
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Figure 4. Tammar CEN1 lacks satellite sequences but contains a complex
sequence structure. A) Comparison of tammar wallaby CEN1 and genome sequence
content. B) Comparison of tammar wallaby CEN1 and genome repeat content. C) Total
repeat, LINE, and SINE distribution across the 1.62 Mb CEN1 supercontig. Each
100,000bp section was RepeatMasked individually to obtain the percentage of repeats
within each section. D) Advanced PipMaker pip output comparing 100,000 bp or
50,000 bp sections of each sequence back to the entire length of the centromere of
tammar wallaby CEN1 or human X pericentric alpha-satellite array.
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V. Actively expressed genes are found throughout CEN1
!

The gross tammar wallaby centromere sequence structure, containing a majority

of non-repetitive sequence and an interspersed and highly variable pattern of repetitive
elements, is similar to that of neocentromeres (Barry et al. 1999) and, to a lesser extent,
plant centromeres (Clarke 1990; Takahashi et al. 1992; Nagaki et al. 2004; Wu 2004;
Zhang 2004; Yan 2006). The identification of expressed genes within rice centromeres
(Nagaki et al. 2004) and human neocentromeres (Saffery et al. 2003) prompted us to
scan the tammar wallaby CEN1 supercontig for genes. Genscan (http://genes.mit.edu/
GENSCAN.html) predicted 55 genes within the 1.62 Mb CEN1 supercontig. Of these 55
genes, 17 were LINE1 ORF1(2) or LINE1 transposase containing genes which were
also identified by RepeatMasker with a majority of them being classified as HAL1-3_ME
elements. Of the remaining 38 predicted genes (Table 1), four Genscan predictions did
not match any known amino acid sequence, although two of these matched an mRNA
sequence from a closely related marsupial, Sarcrophilus harrisi, the Tasmanian devil.
Gene expression for 21 of the 38 non-LINE Genscan predicted genes within CEN1 was
confirmed with the use of tammar fibroblast transcriptome datasets (collectively) and/or
validated by RT-PCR and sequencing (Figure 5).
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Table 1. Gene expression within CEN1. List of Genscan identified genes within the
CEN1 supercontig with their identity to known proteins in other species as well as the
amino acid length of the predicted protein, the length of the known protein, and the
identification of transcripts.
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Figure 5. Gene expression at tammar wallaby CEN1. RT-PCR of cDNA for three
centromeric genes: 1) neuronal acetylcholine receptor, 2) SAFB-like transcription
modulator, 3) thrombospondin type-1 domain-containing protein 4-like, and a control
(Beta-actin).
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VI. Conclusions
!

Using a step-wise progression of BAC mapping, deep sequencing and assembly,

we have advanced into the active centromere of chromosome 1 of the tammar wallaby.
Tammar CEN1, which lacks canonical centromeric satellite sequences, is composed of
47% repetitive sequences organized into an interspersed pattern (Figure 4) and
contains actively transcribed retroelements and predicted genes (Table 1).
Retroelement sequences, mostly in the form of LINEs and SINEs, compose 31% and
12%, respectively, of the DNA sequence content within tammar CEN1. When visualizing
the distribution of the total pool of LINEs and/or SINEs, there appears to be a quasiperiodicity across the entire 1.62Mb centromeric contig (Figure 4C). Remarkably, this
structure resembles plant centromeres with an interspersed pattern of retroelement
sequences, non-repeat sequences and actively transcribed genes (Zhong 2002; Nagaki
et al. 2003; Houben et al. 2007; Tek et al. 2010; Wang et al. 2011); however, in contrast
to plant centromeres, the tammar centromere is completely devoid of clusters of satellite
sequences (Figure 4D).
!

This is the first contextual genomic map for a regional mammalian centromere.

While at first glance the overall structure of the tammar centromere appears unique
among mammals, it in fact resembles the structure of human neocentromeres (Barry et
al. 1999), the ENC found on horse chromosome 11 (Wade et al. 2009) and the young
centromeres of gibbons (Carbone et al. 2012), all of which lack large satellite sequence
arrays. In contrast to the tammar, the equid ENC 11 also lacks LINE1 elements and
KERV, but it is unclear what other elements lie in this region (Wade et al. 2009). It is
likely that other types of retroelements, LINE2 or SINE sequences, are within this
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evolutionary new centromere as these elements are found dispersed throughout
mammalian genomes (Deininger 2002), including horse (Adelson et al. 2010).
!

The small regional centromeres of the tammar wallaby may all be devoid of

centromeric satellite sequences, which is unexpected considering that the redneck
wallaby, a close relative that last shared a common ancestor ~9 million years ago, and
tammar wallaby share cytological positioning of all of their centromeres (O'Neill et al.
2004), yet redneck wallaby centromeres contain extremely large (~30% of the mass of a
chromosome) satellite arrays (Bulazel et al. 2007). Bulazel et al (Bulazel et al. 2007)
showed that sat23 was present within redneck wallaby and tammar wallaby
centromeres. Within the redneck wallaby, sat23 is arranged in large tandem satellite
arrays (Bulazel et al. 2007). Sat23 is not organized as a satellite sequence within the
tammar wallaby as confirmed by a Southern analysis (Supplemental Figure 1A) and
therefore should not be defined as a satellite in this species.
!

Earlier metaphase and fiber FISH images of sat23 suggest its presence within

tammar wallaby centromeres (Bulazel et al. 2007; Carone et al. 2009). However, in
depth sequence analysis of CEN1 shows the presence of only 11-22nt length
sequences homologous to sat23 rather than full length elements. These short
homologous sequences could represent degraded sat23 elements. The low stringency
conditions of the sat23 FISH mapping in the earlier work would have allowed the
hybridization of sat23 to these small homologous sequences found within CEN1,
confounding early interpretations of the centromeric mapping data. Analysis of the
satellite content of CENP-A pools would verify this prediction (see chapter 3).
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!

The following scenario can explain the difference in the satellite content between

the redneck and tammar wallaby. Since these species share cytological positions of
their centromeres (O'Neill et al. 2004) and homology among sat23 copies, the
centromeres of their last shared ancestral species must have contained a previous
version of sat23 in an unknown abundance (Bulazel et al. 2007). Once the redneck
wallaby and tammar wallaby diverged, sat23 went through a rapid expansion at redneck
wallaby centromeres while sat 23 was removed, possibly by the insertion and
recombination of retroelements (Sharma et al. 2008; Wolfgruber et al. 2009), and or
degraded within tammar wallaby centromeres. The removal of satellite sequences from
centromeric regions has been observed in maize, where the CRM elements of maize
removed portions of CentC satellites from centromeres 2 and 5 (Wolfgruber et al. 2009),
making this scenario an intriguing possibility in the tammar as well.
!

Perhaps over evolutionary time, one of the tammar wallaby centromeric

retroelements, maybe HAL1-3_ME since it binds CENP-A (see chapter 3), may
restructure itself into a satellite sequence that rapidly expands within all centromeres.
While we cannot clearly tease apart the history of satellite sequence evolution with our
data, what is clear is that canonical satellites are not necessary for the stability of
eukaryotic regional centromeres over time since only 9 satellite elements totaling
1894bp were identified within the tammar genome and a concordantly limited number
were found bound to CENP-A (see chapter 3). The lack of satellite sequences at
tammar wallaby centromeres might suggest that these centromeres are satellite-less
ENCs. However, the centromeres of this species are not ENC sensu strictu as tammar
wallaby centromere positions are shared with all true wallabies within the Macropus
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clade, and many other kangaroos within the genus. Instead tammar wallaby
centromeres may represent centromeres in a specific time point in their evolution where
they have lost their satellite sequences, but have not yet acquired new species specific
satellite sequences. !
!

Based on FISH mapping of centromeric BACs, the centromere position of

tammar CEN1 may in fact be fluid within a single chromosome and within a single
individual. The FISH signal for BAC ME_Kba 254L09 was visualized spreading across
the primary constriction of metaphase chromosomes and at times “flipping” sides of the
centromere, between the p and q arm sides (Figure 3C). The argument could be made
that BAC 254L09 hybridized to both sides of the centromere due to pericentric
homologies, however, it did not hybridize to both sides every time. Another intriguing
observation was the hybridization location of BAC 182P19 on metaphase
chromosomes. While this BAC is the most distal from the pericentric region according to
the linear assembly of the sequence (Figure 3B), it hybridized clearly to the q arm side
of the centromere even though BAC 254L09, further from the centromere end, seems to
cross the centromere (Figure 3C & 3D). This observation could be explained by the
recently proposed boustrophedon model of centromeric chromatin organization (Ribeiro
et al. 2010; Quenet et al. 2012). BAC 423L22, the BAC farthest on the right of the
minimum tiling path, starts in the q arm pericentromere and the supercontig continues in
a linear fashion across the centromere to the p arm side (BAC 254L09). BAC 254L09
represents the centromeric sequence that is folded within the boustrophedon (Figure 2),
explaining why it sometimes hybridized to both sides of the centromere and sometimes
to just the p or q arm (Figure 3C). The next BAC in the minimum tiling path, 473L15,
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heads back across the centromere towards the q arm side, which explains why it looks
very centromeric and does not flip-flop sides of the centromere like 254L09. Finally, we
reach BAC 182P19, which hybridizes more towards to q arm pericentromere (Figure
3D). Examining this proposed boustrophedon structure within the context of the
genomic landscape of this regional centromere necessitates a comprehensive study of
the functional elements within this centromere. This model would predict that CENP-A
bound DNA would be spaced out along the centromere core portion of the 1.62Mb
supercontig since CENP-A is proposed to be found within the different levels of the
folded chromatin (Figure 2). Based on the FISH mapping data, I predict that BAC
254L09 is within the centromere core and contains CENP-A binding domains spaced
across the entire region, while BAC 182P19 has fewer CENP-A binding regions located
towards the side connected to BAC 473L15.This theory is addressed in the functional
work presented in Chapter 3. Perhaps, if the minimum tiling path was extended out from
the 182P19 BAC there would be another few BACs that traverse the centromere for a
second time, which may or may not contain a second CENP-A domain.
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CHAPTER 3 - MACROPUS EUGENII CEN1 FUNCTIONAL ELEMENTS
I. Overview
!

Satellite and retroelement sequences compose most eukaryotic regional

centromeres (Jiang et al. 2003; Dawe et al. 2006; Birchler et al. 2011). Both of these
sequence types have been demonstrated to be transcriptionally active with both their
DNA and RNA transcripts capable of binding CENP-A (Vafa et al. 1997; Warburton et al.
1997; Vafa et al. 1999; Ando et al. 2002; Zhong 2002; Topp et al. 2004; Chueh et al.
2009; Ferri et al. 2009; Du et al. 2010), the epigenetic mark demarcating active
centromeres (Sullivan et al. 2001; Allshire et al. 2008). Satellite sequences are also
capable of binding CENP-B, another centromere protein necessary for de novo
formation of centromeres on artificial chromosomes (Ohzeki et al. 2002; Masumoto et
al. 2004). The availability of a 1.62 Mb tammar wallaby CEN1 supercontig, presented in
chapter 2, has made it possible to discern the relationship between centromeric DNA,
RNA, and proteins. Within chapter 3, I describe the presence of a HAL1-3_ME LINE1
element that is likely capable of retrotransposition, is actively transcribed, and has the
capacity to bind CENP-A in both its DNA and RNA forms. This data suggests
HAL1-3_ME, a retroelement, has an important role in tammar wallaby centromere
formation and/or function. The presence of retroelements across eukaryotic
centromeres including neocentromeres (Barry et al. 1999) and ENCs (Wade et al. 2009)
supports the theory that the retroelement class of DNA sequence as a whole is
imperative to proper maintenance of centromeres.
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II. Background
!

Centromeres are critical structures necessary for proper cell division, yet there is

little conservation of the DNA within these regions across species. However, regional
centromeres do share the presence of satellite and retroelement sequences (Jiang et
al. 2003; Dawe et al. 2006; Birchler et al. 2011), even though these types of sequences
are rapidly evolving and vary greatly among species (Eichler 1999; Henikoff 2002).
Instead of centromeres retaining a conserved DNA sequence to maintain their function,
regional centromeres are epigenetically maintained by CENP-A, a histone H3 variant,
found only at active centromeres and is both necessary and sufficient for centromere
formation (Sullivan et al. 2001; Allshire et al. 2008). Even though the DNA sequence
does not seem to denote the location of the active centromere (Alexandrov et al. 2001;
Cheng et al. 2002; Jiang et al. 2003; Sun et al. 2003; Kuznetsova et al. 2006),
centromeric satellite and retroelement sequences do associate with the epigenetic mark
CENP-A (Vafa et al. 1997; Warburton et al. 1997; Vafa et al. 1999; Ando et al. 2002;
Zhong 2002; Topp et al. 2004; Ferri et al. 2009).
!

Another centromere protein, CENP-B is an enigma. The CENP-B protein and its

DNA binding sequence found within satellite sequences are highly conserved across
species, suggesting an important function, but the protein is not necessary nor sufficient
for centromere formation (Sullivan et al. 1991). It has been proposed that CENP-B may
help structure satellite repeats at the centromere and bend the DNA allowing
incorporation of CENP-A, thus aiding in de novo centromere formation (Tanaka et al.
2005; Okada et al. 2007). CENP-B may also play a role in spreading heterochromatin
(Nakagawa 2002; Okada et al. 2007), possibly preventing a second centromere from
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forming juxtaposed to the original seed location. Interestingly, the presence of
neocentromeres lacking CENP-B suggests that CENP-B is not necessary for
centromere establishment but is required or is helpful for their maintenance. On the
other hand, the requirement of CENP-B in de novo centromere formation of artificial
chromosomes would suggest the exact opposite. What then is the explanation of
CENP-B binding in species which lack centromeric satellite sequences? Sharma et al
(Sharma et al. 2013) suggest that some satellite sequences have evolved from
retrotransposons. Thus, perhaps the CENP-B box can reside within retroelement
sequences, which over time evolve into canonical satellite sequences.
!

Previously thought to be transcriptionally silent due to their inherent

heterochromatin composition, point centromeres of budding yeast and regional
centromeres of many eukaryotic species are now known to produce non-coding
transcripts of various lengths from both centromeric and pericentromeric sequences
(Lippman et al. 2004; Topp et al. 2004; Bouzinba-Segard et al. 2006; Lee et al. 2006;
Yan 2006; Neumann et al. 2007; Pezer et al. 2008; Carone et al. 2009; Chueh et al.
2009; Djupedal et al. 2009; Ferri et al. 2009; Du et al. 2010; Hsieh et al. 2011; Ohkuni et
al. 2011; Reyes-Turcu et al. 2011; Hall et al. 2012). Through the small interfering RNA
(siRNA) pathway, pericentric transcripts have a direct role in maintaining the
heterochromatin state in yeast, rice, Arabidopsis, and Drosophila (Lippman et al. 2004;
Djupedal et al. 2009; Ohkuni et al. 2011; Reyes-Turcu et al. 2011). However, the role of
centromeric transcription, and the resulting transcripts, is less understood.
!

Centromeric transcription of primarily satellite and retroelement sequences

occurs at a very low level and in some cases is undetectable due to the rapid turnover
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rate (Choi et al. 2011; Ohkuni et al. 2011). Whether it is the process of transcription, the
transcripts themselves, or both that are necessary for proper centromere function is yet
to be determined. However, growing evidence suggests that a particular level of
transcription at the centromere is required for proper function (reviewed in Hall et al.
2012). Furthermore, centromeric satellite and retroelement transcripts have been
immunoprecipitated with the epigenetic determinant of centromere formation, CENP-A,
in maize, mouse, and human (Topp et al. 2004; Chueh et al. 2009; Ferri et al. 2009; Du
et al. 2010). Although unclear whether through a direct or indirect interaction, knockdown of LINE transcription at the Mardel 10 neocentromere results in decreased CENPA loading at this ectopic centromere (Chueh et al. 2009). Thus, retroelements and their
transcripts play an important, albeit enigmatic, role in centromere function.
!

The lack of fully sequenced and assembled centromeric sequences has made it

difficult to study the functional role of centromeric retroelement sequences. The
assembly of the 1.62Mb tammar wallaby CEN1 sequence provides the platform
necessary to delineate the function centromeric retroelements may play in centromere
maintenance. My work (Lindsay et al. 2012) and previous work (Carone et al. 2009) has
shown that tammar wallaby centromeres bind both CENP-A (Lindsay et al. 2012) and
CENP-B (Carone et al. 2009) centromeric proteins, and produce non-coding
centromeric transcripts (Carone et al. 2009). These non-coding RNA transcripts are a
new class of small RNAs (crasiRNA), 35-42nt, which emanate from tammar wallaby
centromeres (Carone et al. 2009) and their hypermorphic expression impairs CENP-A
deposition (Carone et al. 2013). Furthermore, the LTR of the centromeric kangaroo
endogenous retrovirus acts as a bidirectional promoter permitting juxtaposed non-
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promoter containing sequences to be actively transcribed at the centromere (Carone et
al. 2009). Therefore, the tammar wallaby is an excellent model to discern the
relationship between centromeric DNA, RNA, and protein. We find that CENP-A
preferentially binds HAL1-3_ME, a LINE1, within CEN1 and the elements that bind
CENP-A are more similar to each other than non-CENP-A-binding HAL1-3_ME
elements and contain intact ORF1s, indicating their possible ability to retrotranspose. In
addition, HAL1-3_ME elements are actively transcribed and a subset of these
transcripts interact directly with CENP-A.

III. Identification of a CENP-B box sequence in a satellite-less centromere
!

The direct role CENP-B, a centromeric protein derived from a transposase

(Kipling et al. 1997), plays in centromere function has been somewhat enigmatic. We
employed a motif search strategy to identify putative CENP-B box-like sequences within
CEN1. Current motif finder algorithms are based on comparison of multiple input
sequences. For satellite containing centromeres, for example, the input would be copies
of the same satellite sequence type. The lack of satellite sequences in tammar CEN1
necessitated an alternative approach to identification of a CENP-B box motif. The
1.62Mb CEN1 supercontig was divided into 5,000bp sections along the length of the
supercontig. Each of the 5,000 bp sections (325 sections in total) were entered into the
motif finder ELPH (http://cbcb.umd.edu/software/ELPH/) as individual sequences and
subsequently scanned for identity to a reference motif, the redneck wallaby CENP-B
box, GTTCGTAAAATCGAGGT (Bulazel 2005). ELPH works by reporting only one
sequence within each 5,000bp section that most closely resembles the input motif, in

63

this case, the redneck wallaby CENP-B box sequence. ELPH generated statistically
significant (Wilcoxon pair test P= 9.727641e-05 and the student’s t-test P≤0.0005)
predicted motifs within each section. Each identified motif sequence (one within each
5,000bp section) was used as input for a sequence logo test to estimate nucleotide
conservation. Of the nine bases known to be required for CENP-B binding (Ohzeki et al.
2002; Bulazel 2005), seven were identified as conserved in this consensus motif
between the redneck wallaby reference and the tammar wallaby predicted motif (Figure
6). Twelve of the 17nt nucleotides encompassing the CENP-B box are conserved
between both species (Figure 6).
!

Given the lack of identifiable satellite sequences within CEN1, there was no

obvious candidate sequence type in which the CENP-B box motif would be predicted to
reside. Therefore, the ELPH-generated motif sequences, 1 from each 5,000 bp bin were
mapped to the CEN1 scaffold using Bowtie1(Langmead et al. 2009), permitting no
mismatches and reporting all alignments. The Bowtie1 generated alignments were
subsequently intersected with the CEN1 repeats annotated herein. The majority
(59.37%) of the CENP-B box motifs were located within repetitive elements. The CENPB box motif was found within various LINE and SINE sequences (Supplemental Table
4), and 11.53%, representing the single majority, of the CENP-B box motifs intersected
with the HAL1-3_ME LINE specifically. The alignments of the CENP-B box predicted
sequences and CENP-A ChIP reads, along with the CENP-A MACs peaks and
HAL1-3_ME annotated sequences, were visualized together using Galaxy. Out of all of
the predicted CENP-B box sequences, only 5 predicted CENP-B box sequences
overlapped with each other in the alignment to CEN1, meaning ELPH predicted 5
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identical sequences within this set of predictions This sequence is

ATTTTGAAAATCAAGTT and is found in 9 locations throughout the CEN1
supercontig with 8 of those locations falling within HAL1-3_ME elements and one
location falling within a HAL1-3A_ME element. Only two nucleotides differ
between the Weblogo generated motif and the sequence of the five completely
overlapping sequences aligning to HAL1-3_ME elements within CEN1 (Figure 6).
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Figure 6. Identification of a CENP-B box motif within a satellite-less CEN1.
Weblogo output identifying the conserved nucleotides from the identified CENP-B box
motifs within tammar wallaby CEN1 (top). (Bottom) The predicted sequence of the
CENP-B box within HAL1-3_ME in comparison to the Redneck wallaby CENP-B box.
Nucleotides in blue are conserved between both predictions and the redneck wallaby
CENP-B box sequence.
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IV. CENP-A preferentially binds LINEs, SINEs, and LTR elements within CEN1
!

Chromatin immunoprecipitation experiments within plants, chicken, and mouse,

show an enrichment of centromeric satellites and retrotransposons in CENP-A
containing chromatin (Zhong 2002; Nagaki et al. 2003; Nagaki et al. 2004; Houben et al.
2007; Shang et al. 2010; Tek et al. 2010; Wang et al. 2011). Given the lack of canonical
satellite sequences in tammar CEN1, we hypothesized that CENP-A would bind
retroelement sequences in the tammar wallaby. CENP-A ChIP-seq (Supplemental Table
5) with tammar wallaby fibroblast cells and a tammar-specific CENP-A antibody was
used to identify the sequences within CENP-A bound chromatin (Supplemental Figure
6). FISH mapping to tammar wallaby metaphase chromosomes confirmed that the
CENP-A IP was enriched for centromeric DNA (Figure 7A). Interestingly, sat23
sequences with 80% homology to the redneck wallaby sat23 sequence were identified
within the CENP-A ChIP pool, indicating they are present at some centromeres in
tammar, but these CENP-A bound satellites were extremely rare (79 reads out of ~12
million, <0.0006%). In the recent assessment of the tammar wallaby genome assembly
(Renfree et al. 2011), only nine satellite elements were identified within macEug2.
These satellite sequences may or may not represent sat23 sequences identified in the
CENP-A ChIP pool as it is unclear how RepeatMasker identifies satellite sequences.
Examination of all repetitive sequences identified by RepeatMasker within the CENP-A
bound chromatin showed that LINEs and SINEs made up the majority of the repeat
content at 48.80% and 38.11%, respectively (Figure 7C). LTR elements composed
almost 7.76% of the repeat sequences, with the remaining 6.6% comprised of DNA
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elements, low complexity sequences, simple repeats, and predicted small RNAs
(tRNAs, snRNAs, scRNAs, rRNA) (Figure 7C).
!

Interestingly, the composition of CENP-A bound sequences differs between the

pool restricted to CEN1 mapped reads and the entire pool of CENP-A IP sequences.
Within the CEN1 mapped CENP-A ChIP reads, 89% were identified as LINEs, the
majority (99.81% of the 89%) were classified as HAL1-3_ME elements (Figure 7C),
10.27% were not classified as repetitive elements, and 1.03% were classified as SINEs,
with the majority classified as RTESINE2 elements (82.01% of the 1.03%). The
specificity of CENP-A binding to HAL1-3_ME (Figure 7D) and RTESINE2 (Supplemental
Figure 7) can be visualized by the difference in the distribution of reads across these
elements between the CENP-A bound reads and input control reads. The preference for
CENP-A binding to LINEs (88.7%) at tammar CEN1 while representing only 48.8% of
the repeat content of the entire CENP-A pool, suggests tammar centromeric sequence
composition varies from chromosome to chromosome. From this we can infer that
CENP-A binds fewer LINEs and more SINEs within other tammar wallaby centromeres.
!

An overrepresentation of CENP-A ChIP-seq peaks was obtained when the

CENP-A ChIP sequences (representative of all tammar centromeres in the genome)
were mapped to the CEN1 supercontig, as reads mapped along the entire supercontig
with no clearly defined centromere boundary. Therefore, the 1.62Mb CEN1 scaffold was
added to the macEug2 genome assembly to allow proper mapping of the CENP-A ChIP
sequences. First, using Mauve (Darling et al. 2010), the CEN1 scaffold was aligned to
the macEug2 genome to identify duplicate contigs within the genome build in order to
remove them from this analysis so as not to artificially skew the data (i.e. include
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multiple scaffolds for one location). Within this assembly, 53 locally collinear blocks
(LCB) with a minimum weight of 37 were identified across 16 different contigs within the
macEug2 genome (Supplemental Figure 8). However, since these contigs did not align
across the entire 1.62Mb scaffold, they were not removed from the genome assembly. It
should be noted that there remains the possibility that the genomic contigs showing
similarity to the CEN1 supercontig may be duplicates that have not been assembled
properly, or could simply be contigs that map to other centromeres.
!

A clear centromeric boundary was identified on the proximal side (the p-arm side)

of the CEN1 scaffold when the CENP-A ChIP-seq reads were mapped to the entire
macEug2 genome, including the CEN1 supercontig (Figure 7B). The visualization of a
clear centromere core on the first 800,000 Kb confirms the orientation of the BACs
within the assembled 1.62 Mb CEN1 supercontig and demonstrates that this
centromeric sequence was lacking from the macEug2 genome. The fewer number of
CENP-A ChIP-seq reads aligning to the CEN1 supercontig in the macEug2 genome (in
comparison to mapping back to the CEN1 supercontig only), and the identification of
additional CENP-A ChIP-seq read mapping locations does in fact indicate the macEug2
genome includes other centromeric contigs. There was only one contig, GL102065,
within the macEug2 genome that contained a greater number of CENP-A peaks (36)
compared to CEN1 (16), but this contig was poorly assembled (Supplemental Figure 9)
and represents a transient contig as the tammar genome assembly is undergoing
improvements with more sequencing data. Moreover, the limited alignment of the CEN1
supercontig to the macEug2 genome also suggests that the centromeric sequences are
not well assembled (Supplemental Figure 8).
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!

MACs (Zhang et al. 2008) peak calling program was used to call peaks within the

mapped CENP-A ChIP-seq data. Peaks were not identified within the LTR elements or
RTESINE2 sequences within the CEN1 supercontig, however fifteen significant peaks
were identified within the first half (1-777000bp) of the CEN1 scaffold (towards the p
arm) thus representing the centromeric core sequence (Figure 7B). The remaining peak
(at 1267000 bp) was much smaller than the other peaks, although the significance of a
non-centromeric core site of CENP-A binding is unknown. Eleven of the peaks within
the centromeric core sequence fall within HAL1-3_Me elements.
!

HAL1-3_Me elements map to the centromere, pericentric region and possibly to

loci outside of CEN1. Perhaps HAL1-3_ME elements found within the centromere that
bind CENP-A are more closely related in comparison to those found elsewhere in the
genome. To test if HAL1-3_ME elements that associate with CENP-A are more similar to
each other than HAL1-3_ME elements that do not bind CENP-A, a multiple sequence
alignment with MUSCLE (Edgar 2004) was performed on 17 of the longest HAL1-3_ME
sequences extracted from the CEN1 supercontig. The output produced an alignment of
all the sequences and a phylogenetic and cladogram tree of the HAL1-3_ME sequences
(Figure 7E). The location of the HAL1-3_ME sequences in respect to the MACs CENPA called peaks, was visualized with Galaxy’s trackster by uploading the tracks for the
CEN1 locations of the identified HAL1-3_ME and MACs called CENP-A peaks and
noting the overlap between them. Interestingly, all but 1 HAL1-3_ME sequences which
bind CENP-A are more closely related to each other than the non-CENP-A binding
HAL1-3_ME sequences. In addition, the 11 CENP-A called peaks that fall on
HAL1-3_ME elements are 9 of the 17 Genscan predicted genes that are identified as
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ORF1’s or LINE1’s (11 CENP-A peaks fall within a total of 9 HAL1-3_ME elements). The
transcriptome data confirms the expression of these HAL1-3_ME ORF1’s, therefore,
HAL1-3_ME may still be capable of retrotransposition. Furthermore, six of the
HAL1-3_ME elements, which account for eight of the CENP-A peaks within HAL1-3_ME
elements, since two HAL1-3_ME elements have two CENP-A peaks, contain the
predicted CENP-B box sequence ATTTTGAAAATCAAGTT. The CENP-A peak falling
within a HAL1-3A_ME element also contains this CENP-B box sequence. There are an
additional two HAL1-3_ME elements that contain this CENP-B box sequence within the
CEN1 core (first half of sequence), but do not overlap with CENP-A peaks. Notably, the
CENP-B box sequence ATTTTGAAAATCAAGTT is not found outside of the CEN1 core.

Figure 7. CENP-A preferentially binds LINEs within CEN1. A) FISH of the CENP-A
ChIP library (green) on metaphase chromosomes. B) Bar plot of CENP-A ChIP reads
across the tammar wallaby CEN1 supercontig. C) Sequence content of the CENP-A
ChIP pool and of the CEN1 mapped CENP-A ChIP reads. D) Pileups of reads across
HAL1-3_ME in the CENP-A ChIP and input control. E) Cladogram of HAL1-3_ME
elements with identifications of which ones bind CENP-A.
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V. Centromeric non-coding RNA interacts with CENP-A
!

Noncoding RNAs, ranging in size between 40-900nt, emanating from centromeric

satellites and retrotransposons have been identified in maize (Topp et al. 2004), rice
(Lee et al. 2006; Yan 2006), mouse (Bouzinba-Segard et al. 2006; Ferri et al. 2009), and
human (Chueh et al. 2009), but their function is not understood. Within both maize
(Topp et al. 2004) and mouse (Ferri et al. 2009), specific centromeric transcripts have
been shown to interact with CENP-A. Carone et al (Carone et al. 2009) previously
identified a new class of RNA, 35-42nt in size, termed crasiRNA, which has been shown
to emanate from tammar wallaby centromeres. When these crasiRNA’s are
overexpressed, a decrease in CENP-A loading is visualized (Carone et al. 2013).
Therefore, the assessment of transcriptional profiles across CEN1 included both full
length and small RNA sized transcripts.
!

The crasiRNA transcribed from tammar wallaby centromeres and the CENP-A

bound tammar wallaby transcripts were sequenced and mapped back to the CEN1
supercontig in an effort to discern the location of transcription. We find that most
transcripts emanate from or adjacent to retroelement sequences. !
!

CENP-A RIP-seq was performed in order to determine if any RNA associates

with CENP-A and if so, what those transcripts are and where they emanate from.
Modifications were made to a standard ChIP protocol, whereby native RNA bound to
CENP-A (Supplemental Figure 10) was isolated and deep sequenced. The CENP-A
RIP sequences were first separated into two different pools based on size, one group
representing microRNA, crasiRNA, and any other small RNA 18-45nt in length, and the
second group representing any longer non-coding RNA greater than 45nt in length. It
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should be noted that shearing of the RNA is performed in the RIP-seq experiment,
therefore, sequences in the 18-45nt size pool may in fact represent fractions of larger
transcripts that really should be in the larger sequence pool, although small RNAs would
not be seen within the larger pool.
!

Dependent upon the phase of the cell cycle, CENP-A is in different cellular

locations including residing within chromatin, being chaperoned to the chromatin, or
residing within the nucleolus (Supplemental Figure 12). Unfortunately, the CENP-A RIP
was performed on a collection of cells that were not synchronized so thus encompassed
various stages of the cell cycle. Since CENP-A resides in the nucleolus at some stages
of the cell cycle (G1, S, G2, and most of M, until it is loaded into chromatin in late
telophase), much of the RNA pulled down with CENP-A was identified as rRNA (SSU
and LSU) and thus was removed from the pool of sequences. Of the remaining
repetitive elements identified within the CENP-A RIP, the majority, 50.98% and 40.02%,
of the 18-45nt in length transcripts were classified as other small RNA (tRNA, snRNA,
scRNA) and simple repeats, respectively, while the majority, 66.69%, of the the >46nt in
length transcripts were classified as small RNA (Supplemental Figure 10). In contrast,
the majority of the total crasiRNA repeat content was different from both of the CENP-A
RIP pools (small and large) and was composed mainly of 41% LINEs, 28% SINEs, and
22% small RNA (Supplemental Figure 10).!
!

The types of sequences identified within the CEN1 mapped crasiRNA and

CENP-A bound transcript pools are different than the types identified within the total
sequence content of these pools (described above). In the CEN1 scaffold mapping,
60.23% of the CENP-A RIP transcripts 18-45nt in length, although not identified as
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repeats, do map immediately adjacent to repetitive elements. The remaining CENP-A
bound 18-45nt transcripts mapping to CEN1 are classified as simple repeats and LINEs,
17.16% and 12.04% respectively (Figure 8A). RepeatMasker classified 25.77% of the
CEN1 mapped CENP-A bound ≥ 46nt transcripts as non-repetitive, but the reads
mapped immediately adjacent to repetitive elements. The remaining CEN1 mapped
CENP-A RIP ≥46nt transcripts were LINEs and SINEs, 50.18% and 21.88% respectively
(Figure 8A). It should be noted that RepeatMasker annotations often do not include the
full element. Thus, further work is needed to determine whether these “adjacent”
sequences are in fact part of a particular element. The CEN1 mapped crasiRNA pool
contains 72.09% LINEs, 13.4% SINEs, and 13.07% non-repetitive sequences (Figure
8A). Interestingly, this distribution is similar to the distribution of sequences within the
CEN1 mapped CENP-A ChIP pool (Figure 7C). Although the function of this small RNA
class is still under investigation, Carone et al (Carone et al. 2013) has demonstrated
that the hypermorphic expression of these small RNAs impaired CENP-A loading. The
co-mapping of these small RNAs with thin CENP-A bound DNA lends further support,
albeit circumstantial, for a role for these small RNAs in CENP-A incorporation into
centromeric nucleosomes.
!

The intersection between the CEN1 repeat sequence annotation and the CEN1

mapped RNA sequences shows not only the class of repeats present (LINE), but also
the specific type of repeat being transcribed (HAL1-3_ME). The LINE 1 element
HAL1-3_ME is the most abundant repetitive transcript within both the CEN1 mapped
CENP-A bound 18-45nt RNA (Supplemental Table 7) and within the CEN1 mapped
crasiRNA sequences (Supplemental Table 6). MIR3_MarsA, a SINE element, is the
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most abundant (HAL1-3_ME is the second most) within the CEN1 mapped CENP-A
bound ≥ 46nt transcript pool (Supplemental Table 8). This is intriguing as CENP-A
preferentially binds HAL1-3_ME within CEN1, suggesting a correlation between the
transcription of this element and its ability to bind CENP-A.
!

The tophat2 mapping of transcriptome data from tammar wallaby fibroblast cells

to the CEN1 supercontig (detailed in Chapter 2) indicates that there is a small but
notable level of transcription across the centromere. A visual comparison of the
transcriptome data to the crasiRNA and CENP-A RIP datasets indicates that not all
transcribed centromeric sequences are processed into crasiRNA nor do they all
associate with CENP-A. Moreover, not all transcripts emanating from one particular
centromeric element are accounted for in the crasiRNA and CENP-A RIP datasets,
indicating that transcripts from a particular element could have alternative functions.
Other centromeric proteins are known to associate with centromeric transcripts, such as
CENP-C (Du et al. 2010); perhaps the transcribed elements not found within the
crasiRNA and CENP-A RIP pools work coordinately with CENP-A bound elements
through other centromeric proteins.
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Figure 8. CENP-A bound transcripts and transcription across the CEN1
supercontig. A) Sequence content of the CEN1 mapped crasiRNAs , 18-45nt CENP-A
bound transcripts , and ≥ 46nt CENP-A bound transcripts. Bar plot representing the
distribution of crasiRNA (B), 18-45nt CENP-A bound transcripts (C), and ≥ 46nt CENPA bound transcripts (D) across the CEN1 supercontig.
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VI. CENP-A binds DNA more efficiently in areas of transcription
!

Research suggests a balanced level of transcription is required for proper

centromere function (reviewed in Hall et al. 2012). Transcription of crasiRNA and CENPA bound sequences occurs across the 1.62Mb CEN1 scaffold (Figure 8B, C, & D). The
progenitor sequences for the transcripts associated directly with CENP-A are more
abundant within the CENP-A binding region suggesting they are important for
centromere maintenance (Figure 8D). Fourteen of the sixteen identified CENP-A ChIPseq peaks overlap with active transcription units. There is a possibility that the two
remaining peaks do overlap with transcriptional units not assayed herein since only
specific RNA pools (crasiRNA, CENP-A bound transcripts, and transcriptome data) were
analyzed in this study. Interestingly, two CENP-A peaks, one of which did not overlap
with transcription, did not overlap with any identified repeat (Figure 9B). Instead, these
two peaks were adjacent to repeats, one to a MIRc element and the other to an (AC)n
simple repeat and L1-4A. Interestingly, eleven of the peaks that overlap with
transcription units are on HAL1-3_ME elements (Figure 9A). The correlation between
transcription and CENP-A binding suggests that transcription is needed for efficient
CENP-A binding. However, the presence of ChIP-seq peaks in areas apparently devoid
of transcription would suggest that the transcripts themselves may play a role in
recruiting CENP-A to the centromere. Future studies will be needed to determine if it is
the process of transcription and/or the transcripts themselves that play a role in CENPA deposition.
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Figure 9. CENP-A preferentially binds transcribed regions, specifically
HAL1-3_ME.A) IGV visualization of centromeric transcripts and CENP-A co-mapping to
a HAL1-3_ME element. B) IGV visualization of CENP-A mapping to non-repetitive
sequence with a lack of transcription.
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VII.Conclusions
!

Transcription in the form of small or large non-coding RNA can be seen at

retroelements and non-repetitive sequences within tammar CEN1. The presence of
non-repetitive transcripts emanating from locations next to retroelements supports the
hypothesis that bidirectional retroelement promoters may be responsible for the
transcription of these sequences (Carone et al. 2009). Another explanation would be the
production of a long non-coding RNA that is produced from a retroelement promoter and
encompasses the retroelement sequence and its neighboring sequence. These long
non-coding RNAs could also be processed into various sized small RNA including
crasiRNA. A specific level of centromeric transcription appears to be necessary for
proper centromere function (Carone et al. 2009; Bergmann et al. 2010; Bergmann et al.
2012) . What remains unclear is whether the act of transcription, the transcripts
themselves, or both are a necessary component for proper functioning centromeres.
!

A total of 16 CENP-A peaks were identified within the first 800Kb of the CEN1

supercontig (Supplemental Table 5). There are only two peaks that lie within BAC
182P19 and they fall within the second half of the sequence (which partially overlaps
with 473L15). BAC 254L09, which at times FISH maps to both sides of the centromere,
does indeed lie within the centromere core. The FISH mapping and CENP-A peak
observations of BACs 182P19 and 254L09, and the spacing of the CENP-A peaks along
the 1.62Mb supercontig, supports the boustrophedon model for centromere organization
(Ribiero 2010). Even the peak located outside of the centromere core ( at ~1267000bp)
would suggest the folding and the layering of the centromeric DNA in a sinusoidal
fashion. This small peak outside of the core would suggest that this part of the CEN1
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DNA lies within a centromere fold. Perhaps, CENP-A does not bind the DNA every time
it crosses the primary constriction. !
!

The data provided herein indicates that within CEN1, CENP-A binds

preferentially (11 of 16 CENP-A peaks) to HAL1-3_ME elements (Supplemental Table
5). These elements are present in the small and large non-coding RNA pools and a
subset of these transcripts interact with CENP-A directly. However, the 18-45nt
transcripts associated with CENP-A may be an artifact of the shearing process within
the RIP procedure, thus including transcripts that are pieces of larger transcripts in their
native form. The crasiRNA may interact directly with CENP-A as well since there is
some sequence overlap between the 18-45nt CENP-A interacting transcripts and the
crasiRNA. Indeed, Carone et al demonstrated that an increase in transcription of
crasiRNA emanating from tammar wallaby centromeres effects CENP-A loading
(Carone et al. 2013). CENP-A interacting transcripts emanate from other locations
within the centromere, not just from sequences that bind CENP-A, suggesting that the
transcript itself rather than simply active transcription is necessary for CENP-A
deposition. However, future studies should consider whether different size centromeric
RNAs possess different functions and determine the necessity of transcription itself
versus specific transcript sequences in CENP-A deposition.
!

Centromeric transcripts are known to interact with a host of other centromeric

proteins, including CENP-C (Wong et al. 2007; Du et al. 2010), Aurora B-kinase (Ferri et
al. 2009), and INCENP (Wong et al. 2007). The crasiRNA, which emanate from other
areas of the centromere not bound to CENP-A may interact with these other
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centromeric proteins. However, there may also be a plethora of other centromeric
transcripts not isolated in this study which interact with these other proteins.
!

The genomic structure of tammar CEN1 resembles human neocentromeres and

evolutionary new centromeres as it lacks satellite sequences and has an enrichment in
retroelement sequences compared to the rest of the genome. Retrotransposons, unlike
satellite sequences, are a commonality between neocentromeres, plant centromeres,
and the tammar wallaby centromere alluding to the importance of this type of sequence
within all eukaryotic centromeres. Based on ChIP-seq and RIP-Seq for CENP-A,
HAL1-3_ME is a strong candidate for having a primary functional role in centromere
maintenance within the tammar wallaby. This retroelement is transcribed, interacts with
CENP-A as both RNA and DNA and is predicted to contain a CENP-B box. CENP-A and
CENP-B binding are usually characteristics of satellite sequences, perhaps HAL1-3_ME
may in time evolve into a satellite sequence specific to tammar wallaby. Interestingly,
HAL1-3_ME elements can be found next to each other within CEN1, resembling what
could be an early structuring of a satellite sequence. This idea would not be far fetched
if indeed HAL1-3_ME contained the CENP-B box since CENP-B is predicted to be
involved with the structuring of satellite sequences. However, other retroelements within
CEN1 are also likely functional candidates, including RTESINE2, WALLSI1, WALLSI2,
HAL1-3A_ME, L1-1_ME, L1-2_ME, LTRX_ME, and MAR1 as many CENP-A ChIP
reads mapped to these elements within CEN1 when all alignments were reported. Most
likely, these sequences represent CENP-A binding sites within the other tammar wallaby
centromeres. Interestingly, not all the likely functional sequences are restricted to
LINE1s, but rather include SINEs and an LTR element.
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!

Previous studies in human and tammar have portrayed various retroelements,

like LINE1s and KERV as key players in affecting ENC formation (Carone et al. 2009;
Chueh et al. 2009). However, not all regional centromeres contain these specific
classes of retroelements within their sequences, for example the equid chromosome 11
ENC (Wade et al. 2009). It should be noted that a full assessment of the repeat content
of equid ENC11 has not yet been performed. As centromeres are considered
epigenetically demarcated rather than sequence dependent, it reasons that the
functional sequence demarcating an active centromere varies between species and
even among centromeres within a single species’ karyotype. The HAL1-3_ME LINE1 is
evidently an important sequence within tammar CEN1, but WALLSI2, a SINE, may be
the important sequence within the centromeres of different tammar chromosomes.
Thus, retroelements as a class, not one specific retroelement, may be the crucial
centromeric DNA sequence contributing to the localization and proper functioning of a
centromere.

!
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CHAPTER 4 - SYNTHESIS AND FUTURE DIRECTIONS
I. A mammalian centromere in a unique evolutionary position
!

In chapter 2, I described the sequencing, assembly, and structure analysis of the

Macropus eugenii CEN1, the first regional mammalian centromere to be physically
mapped and sequenced. After validating 129 BACs (Supplemental Table 1), a total of 14
tammar wallaby BACs were assembled into a minimum tiling path 1.62Mb in length
(Figure 3B), which traversed the centromere at least once. There is a variance between
the linear order of BACs and their localization on metaphase chromosomes, which can
be explained by the boustrophedon model of centromeric chromatin organization where
the linear DNA is predicted to span the centromere and then fold back and cross the
centromere again, possibly a few times. CENP-A, however, may not bind all DNA every
time it crosses the centromere core. Therefore it is difficult to know whether tammar
CEN1, with respect to the centromere core and CENP-A binding, has been fully
sequenced. In other words, since we find that our contig spans into and back out of the
centromere, it is likely at least one more move across the centromere, if not more,
would be needed to meet our p arm contigs. More BACs should be isolated and
sequenced from the 182P19 BAC end to see if they cross back over to the p arm side of
CEN1 and contain additional CENP-A binding regions or if they contain the p arm
pericentromere.
!

The sequence assembly of tammar CEN1 was possible due to the lack of

tandem satellite sequences, the interspersed pattern of other repetitive elements, and
its small size (800Kb CENP-A domain). Most mammalian and plant centromeres studied
to date contain tandem arrays of satellite sequences (Jiang et al. 2003; Dawe et al.
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2006; Birchler et al. 2011). Neocentromeres and some evolutionary new centromeres
(ENCs) lack satellite sequences (Barry et al. 1999; Lo et al. 2001; Wade et al. 2009). It
has been proposed that centromere structures progress from neocentromeres to
stabilized, regional centromeres that are typified by satellite arrays (Amor et al. 2002).
Neocentromeres are new centromeres formed in a different location of the chromosome
and are typically found only within a very small subset of individuals of a species.
Neocentromere sequence content resembles the euchromatic DNA it formed on (Amor
et al. 2002; Alonso 2003; Marshall et al. 2008). Neocentromeres, if stabilized in a
population, would turn into ENCs, which are found in the same position within every
individual of a species, although the process for such spread through a population is not
known (but see reference in Chapter 1 to Centromere Drive). ENC sequence content
can resemble the euchromatic DNA it formed on or it can have already acquired
centromeric DNA sequences (Ventura et al. 2007; Lomiento et al. 2008; Wade et al.
2009). The last and final step would be the conversion into a regional centromere that is
passed on to future generations and species. Most of these mature centromeres would
have acquired satellite and retroelement sequences (Jiang et al. 2003; Dawe et al.
2006; Birchler et al. 2011).
!

The lack of satellite arrays, coupled with its fixed centromere location within the

species, suggest tammar CEN1 is in the early stages following fixation as an ENC.
However, the tammar wallaby centromeres share centromere locations with all true
wallabies, including Macropus rufogriseus, a species that contains extraordinarily large
satellite arrays of sat23 within their centromeres (Bulazel et al. 2007), making any
inference of a recent ENC for tammar less probable. This observation would suggest
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there is a mechanism during evolution of a species capable of purging satellite
sequences from centromeres. The ancestral centromeres of redneck and tammar
wallaby may have had a precursor to the sat23 sequence seen in both of these species.
Through evolutionary time, the sat23 within redneck wallaby expanded while sat23
within tammar wallaby centromeres was removed and/or degraded. Since HAL1-3_ME
contains intact ORF1s, this retroelement may be capable of retrotransposition,
implicating them in this “purging” process. In such a scenario, active HAL1-3_MEs insert
into the centromere core and through inter-element recombination cause removal of
other centromeric sequences, as is seen in maize centromeres 2 and 5 with a CRM
retroelement (Wolfgruber et al. 2009). Future in depth comparisons of the HAL1-3_ME
sequences would help determine if these elements have recently undergone
recombination. The sequencing of other tammar wallaby centromeres would be
beneficial to confirm if all centromeres do indeed lack satellite sequences, although my
ChIP-seq annotations for CENP-A bound DNA indicate there is likely little satellite DNA
on other centromeres. The presence of less than 0.006% sat23 reads in the total
CENP-A ChIP sequencing data provides evidence that a few of these satellite
sequences remain; however, they are not in satellite array within the tammar wallaby
nor concentrated in high copy number. It would be interesting to see if there was a
different satellite sequence present within any of the other tammar wallaby centromeres.
However, based on the repeat analysis of the tammar genome, only 9 satellite
sequences are present. The unique organization and evolutionary position of tammar
wallaby centromeres makes this species a perfect model for studying the evolution of
centromeric DNA.
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!

The presence of retroelements and expressed genes within CEN1, and the lack

of satellite sequences therein, resembles neocentromeres and the smaller plant
centromeres. There are five centromeres within the potato that lack satellite sequences
and are not much different, on a sequence level, from the surrounding euchromatin
(Gong et al. 2012). Actively transcribed genes have been found within rice and potato
centromeres and within human neocentromeres (Saffery et al. 2003; Nagaki et al. 2004;
Gong et al. 2012). Most plant centromeres studied contain retroelements and satellite
sequences (Zhong 2002; Nagaki et al. 2003; Nagaki et al. 2004; Houben et al. 2007;
Ferri et al. 2009; Tek et al. 2010). I believe retroelement sequences will be identified
within human, mouse, and other mammalian centromeres once they can be fully
sequenced and assembled (Schueler et al. 2006). Mapping data through
pericentromeres in human certainly indicates this is likely (Schueler et al. 2006). The
presence of this particular class of sequences within all known centromeres would
support the hypothesis that retroelements play a role in centromere formation and
function. Some studies using HACs would suggest otherwise since satellite sequences
alone are capable of centromere formation (Grimes 2002), but the presence of
centromeric satellite sequences derived from retroelements counters that argument
(Sharma et al. 2013) as does the fact that trans activating elements have not been
assessed in these HAC studies. Retroelements would still be shaping the centromere
structure as they evolved into satellite sequences, which are then capable of forming de
novo centromeres.
!

To form de novo centromeres, the alpha satellite sequences require the presence

of the CENP-B box, a partially conserved 17nt DNA sequence where CENP-B binds
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(Earnshaw et al. 1987; Masumoto et al. 1989; Muro et al. 1992; Ohzeki et al. 2002;
Masumoto et al. 2004). CENP-B is a conserved centromere protein thought to facilitate
centromere formation and is generally found within centromeric satellite sequences. The
lack of satellite sequences within tammar wallaby centromeres makes it difficult to
identify a CENP-B box sequence. The intersections between possible CENP-B box
sequences and centromere repeats suggests that HAL1-3_ME may be the repetitive
sequence containing the CENP-B box (Supplemental Table 4). Direct protein binding
assay (electrophoresis mobility shift assays (Bulazel 2005), for example) and CENP-B
ChIP-seq would provide evidence either in support or against this observation and
would present other candidate sequences. It is possible that there is a different
retroelement sequence within other tammar wallaby centromeres that is capable of
binding CENP-B but were not detected in our study of CEN1. !
!

Given the abundance of retroelements within CEN1, we propose that satellites

derive from these elements. Through evolutionary time, the sequence that provides the
best advantage could eventually converge between all centromeres and form tandem
satellite arrays through molecular drive (Dover 1982). The identification of the CENP-B
box containing sequence within a retroelement sequence is intriguing. CENP-B plays a
possible role in structuring centromeric satellite sequences (Tanaka et al. 2005; Okada
et al. 2007), but perhaps the structuring of satellite sequences is caused by the
interaction between CENP-B and the retroelement sequence it binds. Interestingly,
CENP-B itself is derived from a transposase (Kipling et al. 1997), providing another
tantalizing link between centromere and retroelement biology .
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II. Retroelements and their ability to structure regional centromeres
!

CENP-A is a histone H3 variant located at only active centromeres (Sullivan et al.

2001; Allshire et al. 2008). Unlike CENP-B, CENP-A does not bind a conserved DNA
sequence. In fact, CENP-A and centromeric DNA sequences appear to be rapidly
evolving (Wiens et al. 1998; Sullivan et al. 2001; Blower et al. 2002; Dawe et al. 2006).
Centromere drive is one explanation for the rapidly evolving DNA and proteins within
centromeres (Malik et al. 2002). Henikoff (Henikoff 2001) coined the term “centromere
paradox” to describe the discordance between the conserved function of the centromere
and rapidly evolving proteins and DNA sequence. Even though many plant and
mammalian centromeres have not been fully sequenced and assembled, centromeric
sequences have been discovered by performing CENP-A ChIP-seq experiments. Most
sequences associated with CENP-A histones are retroelement and satellite sequences
(Zhong 2002; Nagaki et al. 2003; Nagaki et al. 2004; Houben et al. 2007; Ferri et al.
2009; Shang et al. 2010; Tek et al. 2010; Wang et al. 2011). However, CENP-A can be
seen binding non-repetitive sequences including genes (Gong et al. 2012). Transcripts
of many of these retroelement and satellite sequences have also been identified
(Lippman et al. 2004; Topp et al. 2004; Bouzinba-Segard et al. 2006; Lee et al. 2006;
Yan 2006; Neumann et al. 2007; Pezer et al. 2008; Carone et al. 2009; Chueh et al.
2009; Djupedal et al. 2009; Ferri et al. 2009; Du et al. 2010; Hsieh et al. 2011; Ohkuni et
al. 2011; Reyes-Turcu et al. 2011; Hall et al. 2012). A few studies have even displayed
the interaction between these centromeric transcripts and CENP-A. One study in
particular demonstrated the possible functional role of a LINE transcript in CENP-A
recruitment within a human neocentromere (Chueh et al. 2009).
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!

In my thesis work, I was able to capture the overall tammar wallaby CENP-A

interacting DNA and RNA sequences and define the interaction between DNA, RNA,
and protein within the genomic context of tammar wallaby CEN1. The majority of the
repetitive sequences identified within the entire CENP-A ChIP pool were LINEs and
SINEs, 48.80% and 38.11% respectively (Figure 7C). Within tammar CEN1, most of the
sequences interacting with CENP-A are classified as HAL1-3_ME elements, a LINE1.
The difference in sequence content between the entire CENP-A ChIP pool and those
sequences that map specifically to CEN1 is notable and would suggest that the
sequences bound to CENP-A vary drastically among centromeres (Figure 7C). Other
CENP-A interacting retroelement sequences were identified in smaller quantities within
CEN1. These other LINEs, SINEs, and LTRs may bind CENP-A more efficiently within
other centromeres as evidenced by their presence in the non-mapping portion of the
CENP-A pool; however, to address this hypothesis, more centromeres would need to be
sequenced. The identification of different CENP-A interacting retroelement sequences
within other centromeres would support the theory that retroelements as a class, not
individual elements, are important for centromere localization and function.
!

Interestingly, the HAL1-3_ME elements that bind CENP-A within CEN1 are more

closely related to each other compared to the HAL1-3_ME elements that do not
associate with CENP-A (Figure 7E). Moreover, all but 3 HAL1-3_ME elements that
overlapped with CENP-A peaks contain a predicted CENP-B box sequence while
HAL1-3_ME elements outside of the CEN1 core do not. Lastly, the CENP-A interacting
HAL1-3_ME elements contain intact ORF1s, are transcribed, and these transcripts
interact with CENP-A. This conservation of sequence suggests that DNA sequence
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does play a role in determining the location of the centromere, since HAL1-3_ME
elements can be found within the pericentromere as well. Within Chapter 3, I present
evidence that CENP-A generally binds areas of transcription. Only two out of the sixteen
CENP-A peaks within centromere one did not overlap with areas of transcription
(Supplemental Table 5). The process of transcription may aid in CENP-A binding and
the underlying target sequence might not matter (gene, retroelement, or surrounding
sequence). However, the lack of transcription within the two CENP-A peaks would
suggest otherwise. Moreover, the fact that CENP-A is not at every location of active
transcription in CEN1 also suggests that transcription alone is not sufficient for CENP-A
targeting. Eleven CENP-A peaks within CEN1 overlapped with HAL1-3_ME elements
and one peak overlapped with a HAL1-3A_ME element. These elements are
transcribed into small and large non-coding RNA and a subset of these transcripts
interact with CENP-A. When target sequences within the 35-42nt crasiRNA are
overexpressed, there is a concomitant decrease in CENP-A deposition (Carone et al.
2013). Currently, it is unclear if these RNAs are interacting directly with CENP-A, but the
overlap between the small RNA sequences and the CENP-A associated transcripts
would suggest they do interact. Perhaps CENP-A binds more efficiently to DNA
sequences that are transcribed, but the transcripts themselves also help guide CENP-A
to their location as well as the specific DNA sequence. Along with functional assays of
these various sized RNAs, future studies should also focus on what form these noncoding RNAs are in, single stranded, double stranded, or RNA-DNA hybrids. The form
and the size range of the RNA may indicate a specific function. Recent studies have
already demonstrated the need for a specific level of transcription at the centromere to

94

maintain proper function (reviewed in Hall et al. 2012). Increased or decreased levels of
centromeric transcription can be visualized within stressed or disease state cells
(reviewed in Hall et al. 2012). Classifying these centromeric non-coding RNA and
identifying specific functions of a subset of them will allow for the development of better
treatments for abnormal centromeric transcription related diseases.

III. Concluding remarks
!

The centromere is much more complex and dynamic than originally believed. The

sequencing of the tammar wallaby centromere has demonstrated that there is a
similarity between neocentromeres, ENCs, plant centromeres and regional mammalian
centromeres. FISH images of CEN1 BACs on metaphase chromosomes, the assembly
of the minimum tiling path, and the CENP-A ChIP mapping data has also provided
evidence in support of the boustrophedon model for the organization of centromeric
chromatin (Ribeiro et al. 2010; Quenet et al. 2012). Based on the data and observations
herein I propose that the DNA crosses the primary constriction many times and that
CENP-A does not bind the DNA every time it traverses from one side of the centromere
to the other. There are specific locations for CENP-A binding within the layers and the
folds of DNA within the centromere. Perhaps the interaction between the centromeric
DNA, retroelement transcripts, and CENP-A provide a connection between the layers
and folds of DNA within the centromere in order to provide a framework for the
kinetochore to assemble.
!

The rapidly evolving centromeric DNA and proteins is like a sleight of hand, an

illusion that there is no conserved DNA sequence across regional centromeres;
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therefore, a specific sequence does not contribute to centromere localization or function
per se. Looking through the illusion reveals the presence of a conserved class of DNA
sequences, retroelements, across regional centromeres. Retroelements are actively
transcribed and interact with CENP-A on a DNA and RNA level. Within tammar wallaby
CEN1, the important retroelement sequence is a specific LINE1: HAL1-3_ME. A subset
of HAL1-3_ME sequences, all of which contain intact ORF1s, interact with CENP-A yet
all HAL1-3_ME elements are transcribed. Possibly the HAL1-3_ME transcripts do not
have to be as conserved as the HAL1-3_ME DNA sequence to interact with CENP-A.
Most likely, there is a complex interaction between HAL1-3_ME DNA, RNA, and CENPA and all aspects are important for maintaining centromere localization. Interestingly,
within the tammar wallaby CEN1, HAL1-3_ME elements are found directly next to each
other. Possibly HAL1-3_ME elements are in the beginning stages of restructuring
themselves into satellite arrays. HAL1-3_ME binds CENP-A and contains a predicted
CENP-B box, just as satellite sequences within mammalian and plant centromeres do.
Given the proposal that CENP-B is involved in structuring satellite sequences and
bending DNA for easier incorporation of CENP-A (Tanaka et al. 2005; Okada et al.
2007), it reasons that these specific LINEs are a genetic mark of this centromere in
terms of CENP-A targeting.
!

CENP-A is not deposited during the S phase of the cell cycle like normal histone

proteins (Jansen et al. 2007). Instead, during the S phase, CENP-A redistributes itself
so that all strands of the DNA contain CENP-A, but the amount of CENP-A on each
strand would be half of what it should be since DNA replication has occurred (Jansen et
al. 2007). After mitosis, CENP-A is deposited in late telophase or early G1 by the
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chaperone protein HJURP (Dunleavy et al. 2009; Foltz et al. 2009; Shuaib et al. 2010).
However, in order for deposition to occur, the chromatin needs to be “open”, which can
be accomplished by transcription. Retroelements, which are found within centromeres,
contain their own promoters and therefore can be transcribed (Hall et al. 2012). As the
retroelements are transcribed, new CENP-A proteins can be placed corresponding to
the location of the CENP-A proteins still incorporated around the DNA or CENP-C
placeholders (Du et al. 2010). The binding of CENP-B to CENP-B box sequences can
also act as placeholders as CENP-A binding is seen to be phased in between two
CENP-B box sequences of neighboring alpha-satellite sequences within human
centromeres (Hasson et al. 2013). The enhanced phasing of CENP-A nucleosomes
between two CENP-B boxes suggests that CENP-B does play a role in structuring
satellite sequences and may also act as placeholders for CENP-A (Hasson et al. 2013).
Within tammar CEN1, HAL1-3_ME binds CENP-A and contains a predicted CENP-B
box. It follows, then, that a retroelement may be restructured into a satellite sequence if
it contains the CENP-B box and binds CENP-A through molecular drive or other
evolutionary forces. Also, not all transcribed retroelements bind CENP-A; only specific
retroelement sequences appear to have a greater affinity for CENP-A, like HAL1-3_ME
within tammar CEN1. This affinity may be due to the presence of a CENP-B box within
these sequences or another as yet unknown feature.
!

It is possible that transcription of centromeric DNA sequences is needed only for

the maintenance of CENP-A, but a different molecular mechanism is required for the
original positioning of the CENP-A nucleosome in centromere establishment. In the
case of tammar CEN1, HAL1-3_ME elements that bind CENP-A all contain an intact
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ORF1. If they also contained an intact ORF2, then these elements might be capable of
retrotransposition. Within human and maize centromeres, newer retroelement insertions
tend to be found nearer to the centromere core (Schueler et al. 2005; Sharma et al.
2008; Wolfgruber et al. 2009). Perhaps the original placement of CENP-A is tied to the
retrotransposition of particular retroelement sequences within the centromere. Maybe,
as an element is targeted for insertion via the ORF1/ORF2 proteins of LINEs or gag/pol
proteins of LTR-retrotransposons, the protein complexed with a RNA-DNA heteroduplex
recruits CENP-A. Then, CENP-B, CENP-C, and transcription take over for the
maintenance of CENP-A incorporation in subsequent cell generations.
!

While once considered transcriptional noise, targeted transcription of sequences

is now recognized as a functional component of the noncoding RNA repertoire of the
cell (Flintoft 2013). Centromeric RNAs have been shown to interact with various
centromeric related proteins including CENP-A, CENP-C, Survivin, and Aurora-B kinase
(Chueh et al. 2009; Ferri et al. 2009; Du et al. 2010). These transcripts may assist in the
interaction between some of these proteins, like CENP-A, Survivin, and Aurora-B kinase
(Ferri et al. 2009). Centromeric transcripts may also act as scaffolds, helping to hold the
kinetochore together and keep it attached to the chromatin by binding CENP-C, the
main connection between the DNA and kinetochore structure (Du et al. 2010). Thus
centromere transcripts appear to have varying roleswithin the centromere, and while
some functions depend on transcript size (Du et al. 2010), others may depend on the
specific transcript sequence.
!

The overall goal of this thesis was to provide a foundation for the DNA, RNA, and

CENP-A interactions occurring at a mammalian centromere and to identify possible
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functional retroelements. The data presented within progresses the field of centromere
biology by demonstrating the importance of all aspects of the centromere and providing
insight into the chromatin organization. Much more research is required to fully
understand the workings of the centromere, but it is undeniable that retroelements play
a fundamental role in centromere formation and or function.

99

CHAPTER 5 - MATERIALS AND METHODS

I. BAC identification, isolation, purification, and sequencing
!

To design overgo probes, the insert ends of BACs were sequenced using ABI Big

Dye 3.1 chemistry in a 1/16 reaction with 200ng of BAC DNA, T7 and BES_HR primers
at 10ng/μl, Big Dye or Big Dye dGTP, and the following modifications to the cycling
conditions. The initial denaturation was at 95°C for 5 minutes followed by 40 cycles of
95°C for 30 seconds, 50°C for 20 seconds, and 60°C for 4 minutes. Sequences were
then precipitated and resuspended in 15μl of deionized formamide and run on ABI’s
3130 Sequencing platform. BAC-end sequences were edited by eye using 4Peaks
before being run through vecscreen (NCBI) and RepeatMasker (<http://
www.repeatmasker.org>). Sequences that were not called as vector or mammalian
repeats were used as the input for designing overgo primers using The Bioinformatics
Analytical Toolkit by Baylor College of Medicine. P32 labeled sat23, kLTR, or overgo
probes (Supplemental Table 2) were hybridized overnight in Church’s solution at
60°C-64°C to Arizona Genomics Institute ME_Kba tammar wallaby BAC filters. Filters
were washed with 2XSSC, 0.1% SDS at 60°C-64°C. Kodak X-ray film was exposed at
-80°C for 5-10 days before being developed. BACs positive for the overgo probe were
identified and ordered through Arizona Genomics Institute.
!

BACs were t-streaked onto agar plates containing 12.24 μg/ml chloramphenical

and grown at 37°C O/N. BACs were isolated and purified using QIAGEN’s Large
Construct Kit following the manufacturer’s instructions with the following changes. 40mls
Buffer P1, P2, and P3 were used to lyse cells. To precipitate DNA, samples were
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centrifuged in 50ml falcon tubes in a tabletop centrifuge at 4000rpm at 4°C for 1 hour
and 15 minutes followed by a 70% ethanol wash and a second centrifugation at
4000rpm at 4°C for 30 minutes. All BACs were eluted in 100μl of QIAGEN’s Buffer EB.
!

Dot blots of BACs were used to determine if BACs were positive for specific

sequences like sat23 or kLTR and which overgo probes to use for the BAC filter
screens. To make the dot blots, BAC DNA was denatured at 80°C for 5 minutes and
then placed on ice. 100-300ng in a total volume between 1-2μl of BAC DNA was then
dotted onto Hybond-N+ nylon membrane and allowed to air dry. Membranes were then
placed on whatman’s paper wetted with denaturation solution for 5 min, neutralization
solution for 1 minute, and 0.5M NaOH for 20 minutes. Membranes were then air dried
and stored until needed. Dot blots were screened with the same method as used for the
tammar BAC filters, but were only exposed to film for 1-3 days at -80°C.
!

The Quant-iT Picogreen dsDNA assay Kit was used to determine the

concentration of tammar wallaby BACs isolated with Qiagen’s Large Construct Kit.
Based on the readings, 5 μg of BAC DNA was diluted in TE Buffer to a final volume of
200 μl. 3Kb Paired-End Rapid Library construction and sequencing was done with
optimized libraries using 454’s GS FLX Titanium Chemistry System. BACs were
sequenced to a depth between 50-300x.

II. FISH and fiber FISH
!

Tammar wallaby fibroblast cells were grown in DMEM supplemented with

10-15% FBS, 1% L-glutamine, and 1% Penicillin-Streptavidin at 35°C. Cells were
harvested the day after splitting by treating with colchicine and incubating at 35°C for 2
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hours. Cells were washed two times with 1XPBS before addition of trypsin followed by
incubation at 37°C for 2-3 minutes. Cells were then collected and pelleted in a tabletop
centrifuge at 1000rpm for 6 minutes. The supernatant was removed and discarded and
cells were slowly resuspended in 0.0075M KCL and incubated at 37°C for 20 minutes.
To make metaphase slides, cells were then pelleted in a tabletop centrifuge as before
and slowly resuspended in 3:1 methanol: acetic acid fixative. Cells were then dropped
onto pre-cleaned slides treated with acetone, air dried overnight, and dehydrated. To
make fiber slides, cells were then cytospun onto slides with the StatSpin Cytofuge set to
1000rpm for 4 minutes and lysed in lyse buffer (25mM Tris, pH 7.5, 500mM NaCl, 0.5M
Urea, and 1% Triton X-100) for 15 minutes. Slides were then slowly pulled out of the
lyse buffer allowing the liquid/fibers to stretch down the slides before being fixed in 4%
paraformaldehyde for 10 minutes and stored in 70% ethanol at 4°C.
!

BACs (Supplemental Table 1) or Blocks (Block 1, short arm CEN1 BACs:

075A20, 044K15, 196I22, 159J01; Block 2, 950Kb contig: 377N23, 103A21, 040C12,
088N24, 082C13; Block 3, 500Kb contig: 252E15, 459G21, 532H17, 099K15) were
labeled by nick translation with diethylamine coumarin-5-dUTP (Perkin Elmer), biotin-16dUTPs (Roche), or digoxigenin-11-dUTPs (Roche). 600ng (for fibers) or 200ng (for
metaphase chromosomes) of indirect or direct labeled BAC DNA was precipitated and
rehydrated in Hybrisol VII (MP). CENP-A ChIP amplified library was re-amplified as per
Ion Plus Fragment Library Kit protocol for 25 cycles. Amplified library was size selected
for the original library size (~250bp) on a 2% size select E-gel and PCR labeled with
dig-dUTP using primers for the Ion Torrent proton adapters. The entire 50 uL volume of
the labeled library was used for hybridization.
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!

Tammar wallaby fiber or metaphase slides were treated with 0.1 mg/ml RNaseA

before hybridization. Following an overnight hybridization at 37C, BAC probe washes
were 50% formamide/2XSSC and 2XSSC at 45°C CENP-A ChIP Library posthybridization washes were 72C 0.4XSSC/0.3% NP40 and RT 2XSSC/0.1% NP40
Detection of indirect-labeled probes was an appropriate fluorescent antibody . Slides
were counterstained with DAPI:Vectashield (Vector Labs) and captured on a Leica
DM6000 fluorescence microscope equipped with appropriate filters and analyzed with
the Leica CW4000 cytoFISH software.

III. Gene Expression
!

The 1.62 Mb centromeric sequence was broken up into two halves in order to

upload the sequence onto GenScan (http://genes.mit.edu/GENSCAN.html), which can’t
take sequences longer than 1 Mb in size. These two halves were run through GenScan
with the organism option set to vertebrate and suboptimal exon cutoff set to 1. Blastp
(Altschul et al. 1990) on NCBI was then used to determine possible proteins the
predicted amino acid sequences may match. Primer3 (http://primer3.sourceforge.net/)
was used to design primers based off the coding sequence for use in RT-PCR.
!

RNA from tammar wallaby cells was extracted with the RNeasy Kit. RT-PCR was

performed using M.eugenii cDNA produced from the Cloned AMV Kit. RT-PCR was
performed with the following primers to amplify cDNA of the corresponding gene: SAFBlike transcription modulator (Fwd: 5’ GATGCACGTTTCAGTCATGG, Rev: 5’
GTGGTGGTGGCTCATTTCTT), thrombospondin type-1 domain-containing protein 4like (Fwd: 5’ TGTACAACCACCACGGAGAA, Rev: 5‘TGGGGTCACAATAGCTGTCA),
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neuronal acetylcholine receptor subunit alpha-7-like (Fwd:
5’GCCTGGTTTCTGAGGATGAA, Rev: 5’CATGTTTCCATTGCTGGTTG), Beta-actin
(Fwd: 5’CTACGAGGGTTACGCTCTGC, Rev: 5’TCCTTGATGTCACGCACAAT ). PCR
products were ligated into Strataclone Vectors and transformed into Strataclone
SoloPack Competent Cells as per manufacturers instruction. Plasmids were isolated
and purified using 5 Primes FastPlasmid Mini Kit as per manufacturers instruction. The
strataclone vector inserts were sequenced using ABI Big Dye 3.1 chemistry in a 1/16
reaction with 100-200ng of plasmid DNA.
!

Total RNA was extracted from tammar wallaby 2074 female fibroblast cells using

QIAGENs RNeasy RNA extraction kit. The ribozero gold kit (epicentre an Illumina
company) was used to remove rRNA. Library construction and sequencing was done
with optimized libraries using Life Technologies Ion Torrent Proton system and
manufacturer’s protocol with the following exceptions. For library preparation of total
RNA, 130ng of rRNA depleted total RNA was RNased for seven minutes and cleaned
up. Adapter ligation went for 1 hour and library amplification went through 16 PCR
cycles. The onetouch2 version 1 protocol and sequencing version 1 protocol was used
according to manufacturers instruction and libraries were loaded onto a P1V1 chip for
sequencing.

IV. CENP-A ChIP-seq
!

Tammar fibroblast cells were grown in DMEM (Cellgro) media with 10% fetal

bovine serum (Atlanta Biologicals), 1% penicillin/streptavidin (Cellgro), and 1% Lglutamine (Cellgro) at 35°C with 5% CO2 in a T25 flask. When cells reached 80%
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confluency they were harvested with 1ml of 0.5% trypsin-EDTA (Invitrogen) and
resuspended with 500μl of phosphate buffered saline (PBS) for a concentration of 2
million cells per 500μl. Cells were crosslinked with 37% formaldehyde (Fisher) at a final
concentration of 1% for 10 minutes at room temperature; the reaction was stopped with
1.25M Glycine, then rinsed twice with 500μl PBS and pelleted. Chromatin
immunoprecipitation (ChIP) of pre-crosslinked cells was performed using the Ion Torrent
ChIP-Seq Kit for the Ion Torrent Proton system as per manufacturers protocol. Pelleted
cells were lysed with lysis buffer containing protease inhibitors at a concentration of 1
million cells per 50μl for 10 minutes. Chromatin was sheared using the Covaris S2 with
the following conditions: duty cycle: 5%, intensity: 2, cycles per burst: 200, cycle time:
60 seconds, cycles: 12, temperature: 4°C, power mode: frequency sweeping, degassing
mode: continuous. Sheared chromatin size and quality was evaluated on a 2% E-gel.
The dynabeads (Invitrogen) and 10μg of tammar CENP-A antibody (Biosynthesis) were
coupled for at least two hours with rotation at 4°C. Sheared chromatin was diluted to
100,000 cells and 200,000 cells per 100μl dilution buffer with protease inhibitors and
incubated with the coupled CENP-A antibody and dynabeads at 4°C overnight with end
over end rotation. The immunoprecipitated chromatin was washed, reversed
crosslinked, purified, and eluted as per the manufacturers protocol with these
modifications: DNA was eluted in 25μl of elution buffer. A rabbit IgG control and an input
DNA control were treated the same way. Sample quality was evaluated using the
Quant-iT Picogreen Kit (Invitrogen).
!

Real time PCR was used to assess the enrichment over background by using

primers for KERV LTR. The primers were nULF (5’105

TAKCTCGKGTATTTCMGCCTCTTC-3’) and nULR (5’GGCTTTCCTGAYCCTACTTAARCYC-3’). A 1:10 and a 1:100 dilution were made of the
Meu input DNA in order to determine primer efficiency. All samples were plated in
triplicate on a 96-well icycler plate. Each reaction contained 7.5μl iQ SYBR Green
Supermix, 0.5μl each forward and reverse primer, 1μl cDNA, and 5.5μl water. Cycling
conditions were as follows: 40 cycles of 94°C for 30 seconds, 57°C for 30 seconds,
72°C for 30 seconds, and 80°C for 30 seconds. Calculations for determining the
enrichment of kLTR in the CENP-A IP compared to the IgG control were done according
to the ChIP Kits manufacturers instruction.
!

Library construction and sequencing was done with optimized libraries using the

Ion Torrent Proton system and manufacturers protocols except for the following
modifications. The ChIP library preparation protocol was followed exactly except for a
few changes. After the end repair, one 1.8x ampure cleanup was performed and DNA
was eluted in 25ul low TE. After the adapter ligation, two 1.8x ampure cleanups were
performed and DNA was eluted in low TE. Library amplification went through 25 PCR
cycles followed by two 1.8x ampure cleanups and the elution of DNA in low TE. DNA
was then size selected for 200-250bp on a 2% size select E-gel. DNA size and quality
was then checked with an Agilent bioanalyzer high sensitivity DNA chip. The onetouch2
protocol version 1 and sequencing protocol version 1 were then followed according to
manufacturers instruction and the libraries were run on a P1V1 chip.
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V. CENP-A RIP-seq
!

Tammar fibroblast cells were grown in DMEM (Cellgro) media with 10% fetal

bovine serum (Atlanta Biologicals), 1% penicillin/streptavidin (Cellgro), and 1% Lglutamine (Cellgro) at 35°C with 5% CO2 in a T25 flask. When cells reached 80%
confluency they were harvested with 1ml of 0.5% trypsin-EDTA (Invitrogen), washed
with phosphate buffered saline (PBS) and resuspended with 500μl of PBS for a
concentration of 2 million cells per 500μl. Cells were crosslinked with 37%
formaldehyde (Fisher) at a final concentration of 1% for 10 minutes at room
temperature; the reaction was stopped with 57μl 1.25M Glycine, and then rinsed twice
with 500μl PBS and pelleted. Pelleted cells were lysed with lysis buffer containing
protease inhibitor cocktail, PMFS, and RNase Inhibitors (RNA ChIP-It Kit by Active
Motif ) at a concentration of 2 million cells per 100μl for 30 minutes on ice. Nuclei were
pelleted in a 4°C microcentrifuge and resuspended in 100μl complete shearing buffer
(500 μl Shearing Buffer, 2.5 μl PIC, 2.5 μl PMFS, 1.5 μl RNase Inhibitors (RNA ChIP-It
Kit by Active Motif) per 2 million cells. Chromatin was sheared using the Covaris S2 with
the following conditions: duty cycle: 5%, intensity: 2, cycles per burst: 200, cycle time:
60 seconds, cycles: 8 or 10, temperature: 4°C, power mode: frequency sweeping,
degassing mode: continuous. Sheared RNA size and quality was evaluated by
extracting RNA with Trizol after digesting a 10μl aliquot of chromatin with Proteinase K
for 1 hour at 42°C and reversing the cross-links for one hour 30 minutes at 65°C. RNA
was precipitated with isopropanol and glycoblue for one hour at -20°C, pelleted,
washed, and resuspended in water. RNA was visualized on a 2% agarose gel before
continuing to make sure the size range was between 100-1000nt. Sheared chromatin
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was DNased according to the RNA ChIP-IT Kit manufacturers protocol. The protein G
magnetic beads were washed and resuspended in DEPC water and RNA IP Buffer
(RNA ChIP-IT Kit) was added according to the manufacturers protocol. Additional DEPC
water was added so that upon addition of the 10μg of tammar CENP-A antibody
(Biosynthesis) the total volume would reach 100μl. The antibody and protein G beads
were coupled for one hour with rotation at 4°C. The antibody coupled beads were
pelleted and the supernatant removed. The following reagents were added to the
antibody coupled beads in the order listed and incubated overnight at 4°C with end over
end rotation: 10 μl of RNA IP Buffer, 0.1 μl RNase Inhibitors, 1 μl of protease inhibitor
cocktail, 5μg of sheared, DNased chromatin, and DEPC water to bring the volume to
100μl. The immunoprecipitated chromatin was washed, eluted, reverse cross-linked,
purified, and DNased as per the manufacturers protocol with these modifications: only
150 μl of Complete RNA-ChIP Wash Buffer 1 and 2 were used each time and RNA was
precipitated with 5 M NaCl and 100% ethanol and incubated O/N at -20°C. A rabbit IgG
antibody control and an input DNA control were treated the same way. All samples were
cleaned up with the RNA Clean and Concentrator - 5 (Zymo Research) according to
manufacturers instruction. Sample quality was evaluated by running a BioAnalyzer
RNA 6000 Chip per manufacturer’s instruction (BioRad).
!

Real-time PCR analysis was used to determine the efficiency of the RNA-ChIP

by amplifying cDNA (Invitrogen’s cloned AMV cDNA synthesis kit) from Meu Input RNA,
and RNA isolated from the IgG and CENP-A immunoprecipitation using iQ SYBR Green
Supermix (BioRad) and nuLF/R primer set (100ng/μl). The primers were nULF (5’TAKCTCGKGTATTTCMGCCTCTTC-3’) and nULR (5’108

GGCTTTCCTGAYCCTACTTAARCYC-3’). A 1:10 and a 1:100 dilution were made of the
Meu input cDNA in order to determine primer efficiency and two technical replicates
were made for both IgG and CENP-A IP cDNA. All samples were plated in triplicate on a
96-well icycler plate. Each reaction contained 7.5μl iQ SYBR Green Supermix, 0.5μl
each forward and reverse primer, 1μl cDNA, and 5.5μl water. Cycling conditions were
as follows: 40 cycles of 94°C for 30 seconds, 57°C for 30 seconds, 72°C for 30
seconds, and 80°C for 30 seconds. Calculations for determining the enrichment of kLTR
in the CENP-A IP compared to the IgG control were done based on the RNA ChIP-IT
Kit’s manufacturer’s instruction.
!

Library construction and sequencing was done with optimized libraries using Life

Technologies Ion Torrent Proton system and manufacturer’s protocol with the following
exceptions. For library construction using the total RNA library preparation method, the
number of cycles for the amplification step was increased to 22 do to the low yield of
RNA. The onetouch2 version 1 protocol and sequencing version 1 protocol was used
according to manufacturers instruction and libraries were loaded onto a P1V2 chip for
sequencing.

VI. Small RNA-seq
The small RNA sequences used were published in Lindsay et al. 2012 (Lindsay et al.
2012).
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VII. Bioinformatics
!

VII.A. Centromere sequence assembly and analysis

!

The 3 Kb paired end reads for each BAC were de novo assembled with the

gsAssembler with default parameters and a vector and E.coli screening database to
produce scaffolds for each individual BAC. Scaffolds were then screened with
vecscreen on NCBI (http://www.ncbi.nlm.nih.gov/tools/vecscreen/) to remove any
remaining vector sequence. Vector free BAC scaffolds were imported into codon code
aligner (http://www.codoncode.com) and assembled with a minimum percent identity of
85%. Two large contigs were formed and their overlap was confirmed by importing the
two contigs into YASS genomic similarity search tool (Noe et al. 2005) and using the
default parameters. These two contigs were then assembled together with the
CodonCode Aligner built in MUSCLE (Edgar 2004) algorithm to obtain the final 1.62 Mb
consensus sequence, which was exported and used as the input for all centromeric
sequence analysis.
!

The entire 1.62Mb CEN1 sequence and 100,000 sections of the CEN1 sequence

were individually run through RepeatMasker against known Macropus eugenii repeats.
The 100,000bp sections were compared back to the 1.62Mb CEN1 sequence with
Advanced PipMaker (Schwartz et al. 2000) using default settings except for selecting
chaining instead of show all matches. A 0.48Mb alpha satellite higher order array from
the human X centromere was obtained from the UCSC genome browser (Kent et al.
2002). The array was broken up into 50,000 nt sections and mapped back to the entire
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0.48Mb sequence with Advanced PipMaker (Scwartz 2000) using default parameters
except for changing show all matches to chaining.
!

To try to identify a possible CENP-B box sequence within the tammar

centromere, the 1.62Mb CEN1 supercontig was broken into 5,000nt sections and used
as the input sequences to ELPH (http://cbcb.umd.edu/software/ELPH/). The -m option
was set to find a motif similar to the CENP-B box sequence of the redneck wallaby,
GTTCGTAAAATCGAGGT, while -g and -l were used to report the significance of the
motif identified by using the wilcoxon pair test, the student test, and the least likely
consensus score. The identified sequences in each 5,000nt section were then input into
weblogo (Schneider et al. 1990; Crooks et al. 2004) to identify the conserved
nucleotides in the sequence. Identified CENP-B box motif sequences that mapped to
CEN1 were intersected with the RepeatMasker output to determine which repeats the
CENP-B Box could be found in. ELPH predicted CENP-B box sequences were mapped
back to CEN1 using Bowtie with default parameters and allowing no mismatches. The
alignments to CEN1 of the predicted CENP-B box sequences, CENP-A ChIP reads and
MACs called peaks, and the location of the HAL1-3_ME sequences were visualized with
Galaxy. Based on the alignments, the CENP-B box sequence within HAL1-3_ME could
be predicted.
!

VII.B. Analysis and mapping of sequencing data

!

The Mauve GUI (Darling et al. 2010) was used to identify if the 1.62Mb

centromere scaffold matched any contigs within the macEug2 genome (The Tammar
Wallaby Genome Sequencing Consortium). The contigs within the genome assembly
that had partial matches to the centromere scaffold could be portions of other
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centromeres that share homology with CEN1, which is why they were not removed from
the assembly.
!

CENP-A ChIP sequences were first trimmed to 100nt in length and above with

Galaxy’s (Goecks et al. 2010) filter sequence by length option and mapped using BWA
MEM (http://bio-bwa.sourceforge.net/) with default settings to the macEug2 genome
with the addition of the 1.62Mb CEN1 sequence. MACs peak caller (Zhang et al. 2008)
was used with default settings with the bam file from the output of the BWA MEM
mapping as the input file and the genome size set to 3.0E9. In order to identify repeats
within the CENP-A ChIP data set, the file was broken up into smaller files containing
200,000 sequences in each using the change_split_fasta script on FAS Center for
Systems Biology at Harvard. Each smaller file was individually run through
RepeatMasker to the known Macropus eugenii repeats before the fasta.out files were
concatenated back together into one file. An additional script was run to summarize the
output file into number and nucleotides of different types/classes of repeats. This file
resembles the fasta.tbl file normally generated by RepeatMasker. HAL1-3_ME
sequences were extracted out of the CEN1 supercontig using bedtools getfasta. A
multiple sequence alignment was performed on the longest 17 HAL1-3_ME using
MUSCLE, which also output a phylogeny and cladogram tree. Galaxy was used to
visualize which HAL1-3_ME elements overlapped with CENP-A ChIP peaks to
determine if there was any sequence conservation between the HAL1-3_ME elements
that bind CENP-A. In addition, HAL1-3_ME sequence locations and Genscan predicted
ORF1s were manually compared to determine if these CENP-A binding sequences
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contained intact ORF1s. Blastn with default parameters was used to determine if sat23
was in the CENP-A ChIP pool.
!

The crasiRNA, 35-42nt in size, were run through RepeatMasker to identify

tammar wallaby specific repeats. This small RNA class was also mapped with Bowtie
(Langmead et al. 2009) to the CEN1 scaffold using default parameters and allowing one
mismatch. Due to the abundance of repetitive elements at the centromere, all
alignments were reported.
!

CENP-A RIP sequences and input RNA were first trimmed with galaxy’s filter

sequences by length option and separated into two separate groups, those sequences
18-45nt in length and those 46nt in length and above. Due to the size of the data sets,
these files were treated in the same way as the CENP-A ChIP data to identify known
repeats. rRNA composed a large portion of these sequences and was identified as
background. Therefore, rRNA sequences were removed from the CENP-A RIP
sequences by identifying all the sequences designated as rRNA and then using a script
to filter out those sequences (filterReads.py). CENP-A RIP sequences and the input
RNA sequences lacking rRNA were mapped with Tophat2 (Kim et al. 2013) using
default parameters and the coverage-search option to the CEN1 scaffold sequence.
Splice junctions were possible for the longer reads of the CENP-A RIP sequences, and
RNA was sheared in part of the protocol, which is why Tophat2 was used for mapping.
!

All reads mapping to the CEN1 scaffold were extracted out using samtools (Li et

al. 2009) view and a python script fastaExtract.py. Reads mapping to CEN1 were then
run through RepeatMasker to get a distribution of repetitive elements within CEN1 that
bind to CENP-A and/or are transcribed. To determine the more commonly transcribed
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repeats within CEN1, the small RNA and the CENP-A RIP reads mapping to the CEN1
scaffold were intersected with the position of the repeats using bedtools (Quinlan et al.
2010) bedintersect and were sorted uniquely.
!

Transcriptome data was trimmed to 25nt and above using Galaxy’s filter

sequence by length option before being mapped to the tammar wallaby centromere one
scaffold with tophat2. Tophat2 was used with default parameters and the coveragesearch option. The bam output file was sorted and indexed with Samtools and then
uploaded onto Galaxy to visualize what predicted genes may be transcribed.

!
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CHAPTER 6 - APPENDICES
I. Appendix I - Supplemental Figures
Supplemental Figure 1. Sat23 is not organized as a satellite in tammar wallaby. A)
Southern of sat23 on redneck wallaby and tammar wallaby genomic DNA. B) Fiber
FISH of sat23 and kLTR on tammar wallaby chromatin fibers.

A. M. rufogriseus
B23 satellite

M. eugenii
B23

B.
merge

kLTR sat23

115

Supplemental Figure 2. BAC jumping with overgo probes. Diagram of using four
sets of overgo probes to screen for overlapping BACs in four directions.
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Supplemental Figure 3. P and Q arm BACs localizing to CEN1. FISH images of
each BAC (green or red) on tammar wallaby metaphase chromosomes (grey).
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Supplemental Figure 4. Block 3 is closer to the center of CEN1. Cartoon diagram of
Blocks 1, 2, and 3, and their relationship to the centromere.
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Supplemental Figure 5. First two assembled CEN1 contigs overlap with each
other. Zoomed in dot plot showing overlap between assembled contigs.
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Supplemental Figure 6. CENP-A binds kLTR DNA. Real-time PCR analysis
(experimental control) of CENP-A ChIP showing enrichment for kLTR in the IP
compared to control.
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Supplemental Figure 7. CENP-A binds specific regions of RTESINE2. Pileup
comparison between CENP-A and the input control.
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Supplemental Figure 8. MacEug2 genome lacks CEN1 sequence. Mauve alignment
of the CEN1 1.62 Mb supercontig to the macEug2 genome.

1.62Mb Centromere Scaffold

macEug2 Genome

Supplemental Figure 9. MacEug2 genome contains poorly assembled centromeric
sequences. UCSC genome browser view of contig GL102065 from the macEug2
genome assembly showing the abundance of gaps and the location of the CENP-A
peaks.
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Supplemental Figure 10. Repeat content of crasiRNA and CENP-A RIP pools.
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Supplemental Figure 11. CENP-A binds kLTR transcripts. Real-time PCR analysis
(experimental control) of CENP-A ChIP showing enrichment for kLTR transcripts in the
IP compared to control.
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Supplemental Figure 12. CENP-A localization during the cell cycle. Diagram
depicting CENP-A localization during the different stages of the cell cycle. Image
courtesy of R. O’Neill.
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II. Appendix II - Supplemental Tables
Supplemental Table 1. All BACs isolated and their chromosomal location. List of
every BAC isolated with the filter it was isolated from, the probe it was positive for, its
chromosomal location, and if it was deep sequenced.
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125

Supplemental Table 2. Overgo probes. List of overgo primer sequences used to
screen tammar wallaby BAC filters.
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Supplemental Table 3. BAC sequencing statistics. 454 deep sequencing statistics
including sequence coverage and number of assembled scaffolds for each BAC.
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Supplemental Table 4. HAL1-3_ME may contain the CENP-B box. Number of times
the predicted CENP-B box motifs mapped within specific repetitive elements.
Repeat

Number of Intersects

Non-Repetitive

154

HAL1-3_ME

43

MIR_Mars

18

L2_Mars

18

MIR3_MarsA

17

L1-4_ME

17

MIR3_MarsB

12

HAL1-3A_ME

10

Supplemental Table 5. CENP-A ChIP Peaks. List of each CENP-A called peak across
the CEN1 supercontig with its general location, overlapping element, and transcriptional
status.
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Supplemental Table 6. Retroelement small RNA transcription within CEN1.
Number of times a crasiRNA mapped to specific repetitive elements within CEN1.
Repeat

Number of Intersects

HAL1-3_ME

1178

HAL1-3A_ME

426

L1-2_ME

290

WALLSI2

269

L1-1_ME

54

WSINE1a

44

MAR1

44

L1-4_ME

38

RTE-2_ME

35

WALLSI1

29

(ATAG)n

20

(GATG)n

15

WALLSI1A

14

Supplemental Table 7. CENP-A RIP 18-45nt transcripts emanate from many
retroelements. Number of times a CENP-A RIP 18-45nt transcript mapped to specific
repetitive elements within CEN1.
Repeats

Number of Intersects

HAL1-3_ME

276

(TC)n

274

WALLSI2

241

(CT)n

169

HAL1-3A_ME

151
129

Repeats

Number of Intersects

(AC)n

145

(AG)n

112

(TG)n

110

MAR1

102

(GT)n

101

Supplemental Table 8. CENP-A RIP >45nt transcripts emanate from many
retroelements. Number of times a CENP-A RIP >45nt transcript mapped to specific
repetitive elements within CEN1.
Repeat

Number of Intersects

MIR1_MarsA

511

HAL1-3_ME

381

L2B_ME

345

L2_Mars

332

MAR1

330

MIR_Mars

307

L3_Mars

270

WALLSI2

246

WALLSI4_Mar

236

L1-4A_ME

234

MIR3_MarsB

224

MIRc

195

L3

177

MIR3

172
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Repeat

Number of Intersects

L1-4_ME

169

MdoRep1

167

HAL1-3A_ME

149

WSINE1a

143

L1_Mars1b

125

L1-2_ME

113

RTE1_Mars

110

L2a

101

WALLSI4

100
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